








(B.Sc.), Soochow University 
 
A THESIS SUBMITTED  
FOR THE DEGREE DOCTOR OF PHILSOPHY 
 
DEPARTMENT OF CHEMISTRY 




































How time flies! It has been four years since the first day I joined Organic Nano Device 
Lab (ONDL), where I have experienced great excitements from both research and life. 
I would like to thank the following people; the thesis would not be possible to be 
completed without all your assistance and support. 
 
Firstly and most importantly, I owe my deepest gratitude to Dr Lay-Lay Chua and 
Professor Peter Ho for their great patient in guiding and constant support throughout 
my PhD. They are great teachers and scientific researchers who have inspired me a lot 
along the way. I thank them for the opportunities given to me. I would also like to thank 
Professor Sir Richard Friend and Dr Anoop Singh Dhoot for their excellent ideas and 
wonderful discussions during my exchange study at Cavendish Laboratory, University 
of Cambridge. 
 
I would like to show my gratitude to Kendra, Zhili for their kindly help and insightful 
discussion. I would like to express my appreciation to Dagmawi, Guo Han and Junkai 
for great help in the XPS and UPS measurements. Next, I want to thank to my 
colleagues (and ex-colleagues) Lihong, Ruiqi, Jingmei, Hu Chen, Kimkian, Weiling, 
Jinguo, Loke-yuen, Liu Bo for scientific discussion and the wonderful time spent 
working together. 
 
Lastly I would like to thank all members in ONDL. It is joyful to spend my PhD time with 
you all. In the end, I would like to thank research scholarship from the Department of 












TABLE OF CONTENTS 
Declaration ………………………………………………………………….………………..v 
Acknowledgements ………………………………………………………………….…....…vii 
Table of contents……………………………………..…………………………………….ix 
Abstract ………………………………………………………………………..……………xiii 
Lists of Tables ………………………………………………………………………….…...xvii 
List of Figures…………………………………………..………………………………….…xix 
 
Chapter 1: Introduction……….……………..……….……...……………………….…….….1 
1.1 Graphene.……………………………………………………………………………...1 
1.1.1 Transport properties of graphene and electric effect in graphene.……...2 
1.1.2 Mechanical properties of graphene.………………………………….…….5 
1.1.3 Optical properties of graphene.……………………………………….…….7 
1.1.4 Applications of graphene…………………………………………………….8 
1.2 Chemical vapor deposition (CVD) graphene………………………………….…...9 
1.2.1 CVD graphene growth mechanism and defects…..…………………....10 
1.2.2 CVD graphene transfer methodologies…..…………………………...….15 
1.3 Characterization techniques for graphene based materials ………..…………..19 
1.3.1 Raman spectroscopy of graphene……………………………………..….19 




1.3.3 X-ray photoelectron spectroscopy of graphene..…………………….....27 
1.3.4 Ultra-violet photoelectron spectroscopy of graphene..………..………...30 
1.3.5 Field-effect transistor (FET) devices..………..…………………………...33 
1.3.6 Dc electrical conductivity..………..………………………….…………...36 
1.4 Reference.…………………………………………………………………….……...39 
Chapter 2: Novel graphene transfer method.…………………………………..…….……55 
2.1 Introduction………………………………………………………………..…...…….56 
2.2 Experimental methods.………….…………………………………………………..57 
2.3 Results and discussion………………………………………………………...……66 
2.3.1 Characterizations of transferred graphene by microscopy technique…66 
2.3.2 Transfer of pre-patterned graphene ………………………………….…..69 
2.3.3 Transfer of graphene onto transparent substrates ……………………..70 
2.3.4 UV-Vis absorption of transferred graphene ……………………………..71 
2.3.5 Dc conductivity of transferred graphene …………………………….…...71 
2.3.6 Field effect behaviour of transferred graphene ……………………..…..72 
2.3.7 Selection of the solvent for SRL: interfacial energy considerations.......74 
2.3.8 Evidence for molecularly clean removal of the SRL from the graphene 
surface by reflection variable-angle spectroscopic ellipsometry 
(VASE)………………………………………………………………………..77 
2.3.9 Evidence for molecularly clean removal of the SRL from the graphene 
surface by imaging Raman spectroscopy……………………...….……..83 
2.3.10 Compatibility of SRL with metal etchant ………………………………....85 
2.4 Conclusions……………………………………...……………………………...……87 
2.5 Reference ………………………………………...………………………………….88 
xi 
 
Chapter 3: Graphene as top-contact electrode for fragile polymers……...…………….93 
3.1 Introduction……………………………………………………………………….…..94 
3.2 Experimental methods…………………………………………..…………...……..99 
3.3 Results and discussion………….…………………………………………………101 
3.3.1 Ultrathin capacitors.……………….………………………………..……101 
3.3.2 Low-voltage organic FETs ………………………………………….……104 
3.4 Conclusion……………..………………………………………………..…….….107 
3.5 Reference…………………………………………………………………………108 
Chapter 4: An artificial graphite intercalation compound……………………..……….115 
4.1 Introduction…………………………………………………………….......……….116 
4.2 Experimental methods …………………………………………………….………121 
4.3 Results and discussion ……………….…………………………………….…….129 
4.3.1 Optimization of the doping process of p-doped graphene..……..……129 
4.3.2 Optical spectroscopic characterization of the mono- and di-anion states 
of F4-TCNQ ………………………………………………………..………134 
4.3.3 Spectroscopic characterization of p-doped F4-TCNQ- GICs .…139 
4.3.4 Dc electrical conductivity of the GICs ……………………….………….142 
4.3.5 Stability of the p-doped GICs ………………………………………...….143 
4.3.6 Dependence of work function of GIC on dopants……………………...145 

























Recent achievements in chemical vapor deposition have led to the fabrication of large 
graphene sheets on metal foils for use in research and development. However, further 
breakthroughs are required in the way these graphenes are transferred from their 
growth substrates onto the ﬁnal substrate without damaging either the graphene sheet 
or the target surface. Although various methods have been developed, as yet there is 
no general way to reliably transfer graphene onto arbitrary surfaces, such as ‘soft’ ones 
without compromise of the quality of graphene. Therefore work in this thesis has 
focused on the development of a general chemical vapor deposited (CVD) graphene 
transfer method which allows graphene to be transferred to versatile surfaces even 
including fragile thin polymer films. As a consequence, three new applications of 
graphene were realized using this novel transfer method. There are ultra-thin high 
dielectric-breakdown-strength capacitors, low operation-voltage organic field-effect 
transistors and “artificial” intercalated graphites. 
 
In Chapter 1, fundamental properties of graphene as well as the chemical vapor 
deposition of graphene on metals are reviewed. In the last part, basic theories of the 
experimental technics used in the thesis are summarized.  
 
In Chapter 2, we describe the development of graphene transfer methodology that 
allows the CVD graphene to be transferred with high-ﬁdelity at the desired location 
onto almost all surfaces, including fragile polymer thin ﬁlms and hydrophobic surfaces. 
This method relies on a sacriﬁcial ‘self-releasing’ polymer layer placed between a 
conventional polydimethylsiloxane elastomer stamp and the graphene that is to be 
 xiv   
 
transferred. This self-releasing layer provides a low work of adhesion on the stamp, 
which facilitates delamination of the graphene and its placement on the new substrate. 
The transferred graphene was characterized by various imaging techniques and 
spectroscopic studies to show the generality and reliability of the transfer method. 
 
In Chapter 3, we describe our development of transferring CVD graphene onto ultra-
thin and fragile polymer film. This work leads to two new applications of graphene 
when used as top-contact electrode. We can now fabricate ultra-thin high dielectric 
breakdown strength capacitors and low-voltage field-effect transistors. These results 
suggest that the transferred graphene electrode is able to preserve the integrity of the 
thin dielectric film much better than the evaporated gold or other metal electrodes 
which are thought to penetrate into the sub-surface of the thin dielectric film. 
 
In Chapter 4, we describe chemical doping of graphene to tune the graphene 
electronic properties. p-dopants including 2, 3, 5, 6-tetrafluoro-7, 7, 8, 8-
tetracyanoquinodimethane (F4-TCNQ), 7, 7, 8, 8-tetracyano-quinodimethane (TCNQ), 
phenyl-C61-butyric acid methyl ester (PCBM) and a ‘fugitive’ oxidant, nitrosonium 
hexafluoroantimonate (NO+SbF6-) are investigated An efficient doping to increase the 
work function (WF) of graphene by ca. 0.6 eV and 0.4 eV is achieved with an inserted 
layer of NO+SbF6- or F4-TCNQ between 2 graphene layers. However, both TCNQ and 
PCBM showed weak doping capability. Furthermore, a successful layer-by-layer 
intercalation to decrease the sheet resistance (Rs) of graphene to 100 Ω/□ is 
accomplished by stacking alternate monolayers of graphene and F4-TCNQ with 8 
layers of single layer graphene. Both artiﬁcial graphite intercalation compounds (GICs) 
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with NO+SbF6- and F4-TCNQ show well-defined structures with a high and remarkably 
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Chapter 1 Introduction 
 
1.1 Graphene  
 
Of all two-dimensional materials, graphene, which is made of only carbon atoms 
arranged in a hexagonal honeycomb lattice structure, has shown exceptionally high 
crystalline and electronic properties.1-4 For example, its high crystalline property allows 
it to possess an incredible mechanical strength with Young’s modulus of 1 TPa and 
intrinsic strength of 130 GPa, of which are very close to theoretical values of 1050 
GPa.5,6 Its extraordinary electronic property reflects a thermal conductivity exceeding 
3,000 Wm K-17,8 and an optical absorption  of around 2.3 % in the range of infrared 
limit, where  is the fine structure constant.9 Meanwhile, the massless Dirac-fermion-
like charge carriers in graphene not only make it exhibit a high intrinsic mobility of 2.5 x 
105 cm2 V-1 s-1 without scattering when travelling in the micrometre length scale at room 
temperature, but also allow it sustain extremely high densities of electric current of 
around 108 A cm-2, a million times higher than present-day copper interconnects.2,10-12 
Graphene also shows impermeability to any gases.13 The new and rapid progress in 
graphene research like chemical vapour deposited (CVD) graphene makes graphene a 
popular material for further development of other potential applications.14-16 
 
Graphene consists of a single atomic layer of sp2-hybridized carbon which is arranged 
in a hexagonal ring (Figure 1.1a). The strict 2D carbon lattice can also be thought of as 
a basic component of spherically arranged 0D fullerenes17, rolled 1D carbon 
nanotubes18, or multi-stacked 3D graphite.19 (Figure 1.1b, c and d) It was not until 2004 
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when the 2D single layer graphene was able to be observed on top of a chosen SiO2 
substrate, due to theoretical and experimental limitations. Theoretical studies since the 
1930s have shown that a 2D material could not freely exist due to their thermodynamic 
instability, which would result in the loss of long range order, favouring formation of its 
allotropes during synthesis.20-22 No experimental tools existed then to search for one 
atomic-layer thick material.23 The isolation of single-layer graphene at ambient 
conditions was reported by Geim and Novoselov et al. in 2004, by micromechanical 
cleavage from highly ordered pyrolytic graphite (HOPG) using scotch-tape and placing 
the layer on oxidized silicon substrate.2 Since then, a few other free-standing 2D 
materials, including boron nitride, some dichalcogenides and the high temperature 
superconductor Bi-Sr-Ca-Cu-O, have also been discovered, all of which show high 
crystal quality in a continuous form.3 These discoveries imply that 2D crystals do exist 
and are stable in ambient. The astonishing method mentioned above has led to a 
promising study in the various optical,9,24,25 electronic1,2 as well as mechanical5,26-28,29 
properties of graphene which will be described in the subsequent sections of this 
chapter.  
 
Figure 1.1 Two dimensional graphene (a) is a building material of all the other dimensionalities. 
It can be wrapped up into (b) 0D fullerenes, rolled into (c) 1D nanotubes or stacked into (d) 3D 
diamond (left) and graphite (right).30 
 
 
1.1.1 Transport properties of graphene and electric-field effect in graphene 
 
In 1946, P.R. Wallace first proposed the band structure of graphene to explain its 
unusual semimetallic property.29 The honeycomb lattice structure of the graphene 
(a) 2D (b) 0D (c) 1D (d) 3D
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basal plane contains 2 equivalent atoms in each unit cell ((A and B, as shown in Figure 
1.2a), which leads to the crossing between bonding () and anti-bonding (∗) orbitals 
at each energy valley K and K’ (also referred to as “Dirac points”) when considering 
quantum-mechanical hopping between the sublattices. Meanwhile, the intersection of 
the Dirac points near the edges of the Brillouin zone yields the conical structure which 
makes quasiparticles in graphene exhibit a linearly dispersive electronic band structure 
at the low-energy regime around K and K’ (Figure 1.2b). This energy can be 
expressed by E = ħkF (Fermi velocity, F ≈ c/300), which indicates the low-energy 
carriers in graphene are of zero-mass and that the Fermi velocity is independent of 
energy. Hence, the remarkable electrical transport properties of graphene mentioned in 
the beginning are attributed by the photon-like relativistic Dirac fermions.31  
 
Furthermore, the electronic property of graphene shows dependence on its packing 
geometry. For example, the A-B stacking bilayer graphene (BLG) system, which is the 
most stable stacking geometry in BLG, has four different environment carbon (C) 
atoms, A1, B1, A2 and B2, as shown in Figure 1.2c. The four atoms form two groups of 
parabolic bands due to nearest neighbour hopping both from in- and out- of plane, 
which have a structure different from the single linear band at the low-energy regime 




Figure 1.2 Crystal structures of (a) single layer graphene; and (c) AB-stacked bilayer 
graphene. Atoms from different sublattices are marked in different colours. Band structures of: 
(b) linear dispersive electronic band structure of SLG due to the hopping between nearest 
neighbour atom sites A and B; (d) two parabolic electronic bands in AB-stacked BLG caused 
by the strong interlayer coupling for bilayer graphene when the hopping happens between A1 
and B2. 34 
 
Graphene is described as a zero-gap semiconductor due to the overlapping Fermi 
level and its Dirac point in the band structure (Figure 1.2b).29 This reveals its prominent 
ambipolar electric field effect since the charge carriers can be tuned continuously from 
electrons to holes and vice versa. When a negative gate bias is applied, the Fermi 
level drops below the Dirac point bias with introduced holes into the valence band. 
When a positive gate bias is applied, the Fermi level rises above the Dirac point to 
promote electrons into the conduction band.12,15 Carriers mobility increases with an 
increase in its concentration. Experimentally, after introducing an electrons or holes 
concentration of as high as 1013 cm-2, the mobility of single layer graphene (SLG) with 
a 300-nm SiO2 dielectric layer can exceed 15,000 cm2 V–1 s–1 even under ambient.35 
The carriers mobility also shows dependence on the dielectric layer. Recently, Geim, 
A.K. et al. reported that with graphene encapsulated between two boron nitride (BN) 





















low concentration of n ∼ 1011 cm-2 even at room temperature11 which is close to the 
theoretical value of 200,000 cm2 V–1 s–1.10 Encapsulation with boron nitride makes 
graphene inert to ambient and this improves graphene’s mobility by minimizing impurity 
scattering. The carriers mobility  remains high even at high n (>1012 cm–2) in the 
devices and this is independent of the level of chemical doping in the material. This 
suggests a robust ballistic transport with a large negative transfer resistance in a sub-
micrometre length scale at room temperatures.11 Such charge transport properties 
make graphene a promising electrode in the semiconductor industry.36 
 
However, for applications of graphene based on the electronic properties of graphene, 
it is necessary to further manipulate its band structure to make the interface more 
energetically favoured. Several approaches have been adopted to tune the charge 
carriers concentration in graphene, including chemical doping37,38 and electric field 
induced by electrical gating35. In chemical doping, surface transfer doping with organic 
molecules, especially p-dopants,37,38 or intercalation of few layer graphene with ions 
have been studied. Unlike electrical gating with electrical bias of graphene, chemical 
doping is a more robust and convenient way to operate. In this thesis, chemical doping 
of transferred CVD graphene with different p-dopants will be presented in Chapter 4.  
 
 
1.1.2 Mechanical properties of graphene  
 
The van der Waals force plays an important role in the enhanced mechanical strength 
of graphene in the nanoscale regime. The 2D sheet of covalently bonded carbon 
atoms in the basal plane makes up the stiffness in graphene. It has been reported that 
a defect-free graphene has a similar in-plane Young's modulus of about 1.0 TPa as 
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graphite as well as an elastic deformation and failure strength of 130 GPa5,26,39,40, as 
determined by force-displacement measurements with the atomic-force microscope 
(AFM) on suspended monolayer graphene, of which is schematically illustrated in 
Figure 1.3 39, 40 Graphene is one of the strongest materials ever tested, with a fracture 
strength 200 times greater than steel. Graphene is made up of an intricate patchwork 
of grains which are proven to be small and connected by tilt boundaries.26 Atomistic 
calculations suggest that graphene sheets with large-angle tilt boundaries are as 
strong as the pristine material and are surprisingly much stronger than those with low-
angle boundaries having fewer defects. This can be explained by the large-angle 
boundaries which can better accommodate critical bonds in strained seven-membered 
carbon rings in the tilt regime. Experimental results correlating grain imaging with 
scanning probe and transport measurements with suspended, single layer 
polycrystalline graphene grown by chemical vapour deposition (CVD)26 showed that 
the grain boundaries in CVD graphene originate from the nucleation site on the 
transition metal surface like copper (Cu) but with a smaller grain size than the 
nucleation density due to grains oriented differently.41 The grain size and angular 
orientation show dependence on the growth condition as well. However, these grain 
boundaries severely weaken the mechanical strength of graphene membranes by one 
order of magnitude as compared to the reported single-crystal exfoliated graphene.26  
 
Figure 1.3 Schematic figures of force-displacement measurements with Atomic Force 




1.1.3 Optical properties of graphene 
 
Despite being only one atomic layer thick, graphene was found to absorb a significant 
fraction of incident white light, which is a consequence of relativistic electrons coupling 
with light. The opacity of suspended graphene is defined solely by the fine structure 
constant, = e2/ℏc ≈ 1/137, where e is the electron charge, ℏ is the reduced Planck 
constant and c is the speed of light. The constant can be estimated to be (1-T) ≈ a 
≈2.3 %,9,42 of which also coincides with the theoretical value and is independent of 
wavelengths larger than 500-nm (Fig 1.4b). Experimentally, the opacity of suspended 
graphene makes SLG and BLG visible under transmitted white light (Fig 1.4a). 
Moreover, the transmittance decreases linearly with the number of layers for n-layer 
graphene.9 Extensive studies have been done on the optical contrast of graphene on 
various substrates, such as 90, 280, 300, 465 nm thick-SiO2/ Si,24,43-45 SiC,25 and 
Al2O3/ Si,46 which are used to identify the morphology, quality of graphene, or to 
determine the number of layers. For instance, SLG on 300-nm SiO2 wafers are visible 
under the optical microscope due to thin film interference effects and the contrast of 
graphene on those substrates is also dependent on the wavelength and incident angle 
of the illumination.24,47 This unique absorption behaviour enables graphene to be a 
promising candidate for optical applications, such as ultrafast photonics,48,49 nonlinear 




Figure 1.4 One-atom-thick crystals. (a) Photograph of a 50-m aperture partially covered by 
graphene and its bilayer with line scan profile indicating transmitted white light intensity along 
the yellow line. (Inset) Sample design: Graphene crystallites on a 20-m-thick metal support 
with different apertures of 20, 30, and 50 m in diameter (b) Transmittance spectrum of white 
light (open circles), ideal Dirac fermions (red line) and theoretical value (green line) SLG. (Inset) 
Transmittance of white light as a function of the number of graphene layers (squares).9 
 
 
1.1.4 Applications of graphene 
 
Graphene has many aspects of potential properties with its unique chemical and 
electronic structure, including supreme mechanical stiffness, strength and elasticity, 
very high electrical5,53 and thermal conductivity,7,8 impermeability to gases,13 as well as 
many other properties,31,54 all of which make it highly attractive for numerous 
applications. The rapid progress in producing graphene using new technologies such 
as epitaxial growth of graphene on SiC14,55 and CVD of graphene on metal 
catalysts56,57 makes the application even more promising. By combining its 
transparency, conductivity and elasticity, flexible electronics and transparent 
membranes such as the replacement of indium tin oxide (ITO) 58-60 as an electrode in 
organic light emitting diodes (OLED),49,61 liquid crystal displays (LCD),62,63 or 




conductivity have found applications in transparent protective coatings and barrier 
films.64,65 The material is also expected to be useful in touch panels,66 solar cells, 57,58 
sensors,54,67 supercapacitors,68,69 hydrogen storage systems68,70 and as reinforcement 
fillers of nanocomposites.52,71 However, a critical challenge posed by these 
applications is the ability to prepare high quality, repeatable, and scalable graphene in 
a cost-effective manner. Hence, a more robust and convenient method has to be 
developed to produce graphene for its applications. In Chapter 3, applications of 
graphene obtained from CVD will be described. 
 
 
1.2 Chemical vapour deposited (CVD) graphene  
 
The initial source of fundamental studies of graphene is obtained by the mechanical 
exfoliation of highly oriented pyrolytic graphite (HOPG) with less structural defects.1,2,26 
However, this method can only supply graphene with uncontrollable sheet thickness, 
small size less than mm2 scale and works only for limited target substrates which can 
be survival under the mechanically peeling process when the graphene is transferred 
from the tape to the target substrate. Thus, it is essential to develop methods which 
can also produce graphene with quality comparable to that of mechanically exfoliated 
graphene, yet with the mass-production ability as well as reproducibility on substrates. 
Several approaches have been explored to achieve this goal. One of them is liquid 
phase exfoliated graphene in covalent or non-covalent ways, but this method tends to 
produce graphene with structural and electronic defects.72-75 One can also obtain 
graphene from electrically insulating SiC (0001) crystal via thermal decomposition of 
SiC at high temperatures (> 1300 ° C) either in ultra-high vacuum or atmospheric 
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pressure.14,55 This technique can be used to produce high quality wafer scale graphene 
with switching speeds of up to 100 GHz. The successful demonstration makes 
graphene epitaxial grown on SiC a potential material for radio and THz frequency 
electronics where the excellent performance of the devices could offset the cost of the 
initial SiC wafers.76 However, the difficulty of transferring of graphene to other surfaces 
from SiC limits its general applicability. 
 
Most recently, CVD on transition metals such as Cu56,57 has attracted scientists’ 
attention. With this method, one can obtain uniform and high- quality single layer 
graphene with controllable area. In order to make graphene useful in research, the 
growth substrates have to be removed to obtain free standing graphene, which can 
then be transferred onto different substrates. Several methods have been reported to 
transfer graphene and one of the ways is reported by our group to transfer graphene to 
arbitrary substrates including fragile polymer surface with a pick-and place capability. 
The details of the transfer methods and growth mechanisms will be described in the 
next section.  
 
 
1.2.1 CVD graphene growth mechanism and defects 
 
Single and few-layer graphene can be grown on transition metal surfaces which also 
act as catalysts, such as Cu,56,77,78 nickel (Ni),79,80 platinum (Pt),79 iridium (Ir),79,81 
ruthenium (Ru),79,82 rhenium (Re),79 and palladium (Pd)83 by CVD, among which Cu 
and Ni are more feasible as they are readily removed by wet etching. This is critical so 
that a metal contamination-free graphene can be obtained. On the other hand, copper 
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is cheap, making it suitable for mass production. In the general CVD graphene growth 
process, carbon-containing gas species will be flooded into the reactor chamber under 
a certain pressure and heated to elevated temperatures to decompose hydrocarbon 
precursors to carbon radicals at the metal substrate surface to form single-layer and 
few-layer graphene.  
 
Ruoff’s group has revealed two distinguished mechanisms for the CVD graphene 
growth process by using carbon isotopic labelling of the methane precursor gas 
together with Raman spectroscopic mapping on two catalysts, Cu and Ni.57 When Ni is 
used as the catalyst, carbon is dissolved in bulk at high temperatures and segregates 
to the metal surface at lower temperatures, and this is known as segregation or 
precipitation growth. This can be shown by the graphene and/ or graphite formed with 
a uniform mixture of 12C and 13C as determined by the peak position of the Raman G-
band peak. On the other hand, graphene growth on Cu is clearly by surface adsorption 
where carbon remains at the copper surface after de-hydrogenation of hydrocarbons 
and aggregates at the surface to form graphene, which self-terminates at a single 
monolayer. The two different mechanisms can be explained by Cu having lower carbon 
affinity. It does not form any carbide phase. Unlike Ni, it forms nickel carbide (Ni3C)84 in 
nickel, because it has filled 3d-electron shell structure. Hence, no more active sites are 
available once the Cu top surface is covered with graphene, and multi-layered growth 
is hence hindered.  
 
Ni can dissolve more carbon and the dissolved C atoms will then precipitate out to the 
surface during the cool down. Although single layer growth of graphene on Ni is 
possible by using a thinner Ni film and/or a higher cooling rate.85,86 It is very difficult to 
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fully eliminate the effect of precipitation for metals with such high carbon solubility due 
to the unavoidable microstructural defects, predominantly grain boundaries.87 Hence, 
metals with low C solubility such as Cu offer a favoured path to large-area growth of 
graphene and can be used as the catalyst in the CVD process to form a uniform single-
layer graphene.56,57,88 
 
It is worthy to note that as compared to Ni, a much lower base pressure of the system 
during the deposition process and lower temperature when the sample is unloaded 
after deposition are required to avoid oxidation of Cu. When removing the metal 
substrates in the subsequent graphene transfer step, stronger etchants are needed. 
Hence, graphene synthesized with Cu risks higher possibility to be damaged by the 
etchant and the properties of graphene might not be comparable to that synthesized 
with Ni.  
 
The quality of graphene is strongly dependent on pre-treatment of growth 
substrate,56,66,89 Cu substrate thickness,77,89 and growth condition which in turns affect 
the surface morphology of catalytic copper. The growth condition is sensitive to the 
chamber pressure, 77,89 flow of reaction gas,77,89 temperature,77,89 and geometry of 
growth chamber.77,89 In addition, graphene grown on the metal tends to wrinkle due to 
the difference in thermal expansions when the chamber is cooling down. By controlling 
those factors, the formation of defects can be minimized. 
 
Commercial copper foils have been investigated for CVD grown graphene in a cost-
efficient way but these foils have strongly corrugated surfaces due to the cold rolling 
process during manufacture and this surface roughness is known to produce graphene 
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thickness variations on copper.90,91 Hence, pre-treatment of the copper foil to remove 
the copper oxide (CuO and Cu2O) is good for obtaining a smooth and clean metal 
surface for deposition. This is critical to obtain large graphene domains with less grain 
boundaries in the growth product.56,66,90,92 In order to remove the native oxide CuO and 
Cu2O in the as-received copper foil to maintain the catalytic activity, hydrogen 
reduction at 1000 ˚C is very useful.93 Hydrogen reduction cleaning can also increase 
the Cu grain size and rearrange its surface morphology, including via the introduction 
of atomic steps and elimination of surface structural defects which will facilitate growth 
of graphene.56,94 Another way like using electropolished copper with a smooth surface 
as catalyst is also a solution to producing graphene with better quality.91 Although 
treatment with dilute acid can remove the oxide, the surface of copper becomes 
rougher, leading to poorer quality graphene. Even so, one cannot control the whole 
copper sheet to be smooth and homogeneous over the entire area and corrugations on 
starting copper foil can result in formation of significant multilayer regions along with 
monolayer graphene.87,91 
 
As compared to mechanically exfoliated graphene, CVD graphene is electronically and 
mechanically defective26,95 where the carriers mobility and mechanical strength is 
much smaller than that of HOPG. In the polycrystalline structure of CVD graphene, 
there are grain boundaries, where graphene domains of different orientations merge 
together to form a continuous graphene sheet. These are detrimental to the electrical 
transport and suppress the conductivity for both electrons and holes in graphene.96 
These grain boundaries are known to severely weaken the mechanical strength of 
graphene membranes by one order of magnitude as compared to that of the reported 
single-crystal exfoliated graphene.26 Transferred CVD grown single layer graphene 
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shows field-effect mobility ranging from 700 to 9000 cm2 V-1 s-1 26,56,97,98 with a sheet 
resistance in the order of 1000 Ω/□ 99,100 when transferred to SiO2/Si substrate. 
However, it is worth pointing out that any transfer method utilizing wet etching is likely 
to dope graphene due to the strong oxidizing ability of the etchants and a doping level 
of 9.43 x 1012 cm-1 was reported in Cu removed by the etchant (NH4)2S2O8.66 In view of 
this, efforts have been spent in improving the grain boundaries to obtain single crystal 
isolated graphene domains with improved electrical properties. 41,101 
 
The as-grown graphene contains wrinkles and cracks after carbon deposition on the 
surface of copper.102,103 This is probably contributed by the different thermal expansion 
coefficients (TEC) between graphene and the metal surface as well as mechanical 
stress introduced to graphene when shrinkage of Cu occurs upon cooling. Under this 
condition, wrinkles will form to release stress. Other than wrinkles, ridges and swells 
are also observed in regions where adhesion between the ﬁlm and the substrate is 
poor.92 These defect points showed unavoidable structural damage to graphene and 
further degrade its electrical properties. Hence, there is a need for us to develop a new 
method for obtaining transfer-free single crystal graphene or develop a more robust 
transfer method which does not apply mechanical stress to graphene to cause further 
damage to it. In Chapter 2, I will present the development of a stress-free transfer 








1.2.2 CVD graphene transfer methodologies 
 
In order for CVD graphene to be useful for nanoelectronic or photovoltaic applications, 
graphene has to be removed from the catalytic metal substrates and transferred onto 
arbitrary substrates without introducing any defects to the graphene and the target 
surface. After graphene growth, a carrier layer is put on top of the metal to serve as a 
mechanical support for the underlying graphene film. This carrier layer can be an 
elastomeric (for example, polydimethylsiloxane) stamp, a spin coated polymer (for 
example, polymethyl methacrylate (PMMA)), thermal release (TR) tape or scotch tape. 
PMMA is the most commonly used carrier foil. The bottom transition metal substrate is 
etched using a standard wet etchant. 1 M FeCl3 is normally used as an etchant for 
copper as it etches slowly, allowing better control of the etch rate and more importantly, 
it does not generate gas bubbles unlike other etchants, which will tear the transferred 
graphene sheets.56,78,92 
 
Graphene grown via the CVD method was first reported in 2008104 using Ni and Cu 
substrates to transfer graphene to a target substrate using a PMMA carrier foil.56,57 A 
thick PMMA protective layer is deposited to the CVD graphene/ metal surface after 
which the whole assembly will be immersed into an etchant solution e.g. iron chloride 
FeCl3,105,106 ammonium persulphate solution (NH4)2S2O8,66 nitric acid HNO3107 to 
remove the metal substrates. The resulting floated PMMA/ graphene with sufficient 
strength for the handling will then be placed to the target substrate in the aqueous 
environment by fishing. Graphene on the target substrate is obtained by removing the 
PMMA with acetone. However, PMMA leaves residues even after cleaning, so an 
additional annealing step under Ar and H2 is required.108 There are a few 
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disadvantages for this transfer method. Firstly, it is not able to transfer graphene in a 
pick-and-place manner to the target surface due to the limitation of the unpredictable 
contact position when sliding the substrate to fish out the graphene film. Secondly, it 
can only transfer graphene to limited target substrates since the target substrates have 
to be exposed to the aqueous solution. Finally, thermal annealing at high temperatures 
will also set a limit for the suitable target substrates where surfaces vulnerable to heat 
are not suitable. Other than using PMMA as a polymeric carrier layer, polycarbonate 
(PC) layer has also been reported109 to leave such residues like PMMA.  
 
The PMMA carrier transfer method can also be used to build multiple-stacked 
graphene in a ‘layer-by-layer way’ by repeating the step mentioned above. Due to the 
unwashed PMMA residue left over at each graphene layer, the graphene stacks 
containing PMMA contamination show poor electrical performance with high sheet 
resistance and low carrier mobility. An improved method with minimized contamination 
from PMMA has been demonstrated. The ﬁrst PMMA/ graphene layer with removed Cu 
is placed onto a new graphene grown on Cu foil to make a PMMA/ bilayer graphene 
under annealing. The annealing allows  interactions which help in forming a 
conformal contact between the two graphene layers. By repeating this stacking 
process, graphene multi-stacks with improved sheet resistance were obtained by 
removing the top–coated PMMA layer.98 This method may be good enough for 
preparing the graphene stacks, but it is not useful when doped graphene stacks where 
dopants are on the surface of the graphene are required. It can be de-doped upon 
soaking in the etchant solutions since most dopants are air and moisture sensitive for 




TR tape can be used as an alternative to the polymers mentioned above. For example, 
TR tape can be applied to the graphene metal surface and the whole assembly is 
immersed in the metal etchant to remove the metal. Graphene supported by the TR 
tape is placed on the target substrate and the tape is removed by thermal annealing. 
The idea of using TR tape in transferring CVD graphene is adopted from transferring 
graphene from epitaxially grown graphene on SiC with the TR tape.110 A similar 
method was described by Bae S. et al66, which also employs the TR tape as the 
support and transfer material and the process is carried out via a roll-to-roll method. 
However, this method gives rise to similar problems as those in the PMMA carrier foil 
method, one of which is the residue of tape glue and the other is the limited substrate 
choice. 
 
The other transfer method involves the use of an un-patterned or patterned elastomeric 
stamp such as polydimethylsiloxane (PDMS) which allows an accurate positioning of 
the graphene layer. Graphene will be picked up as conformal contact is present 
between graphene and PDMS before conformal contact is achieved between graphene 
and the target substrate. The PDMS stamp will be mechanically peeled off to leave 
graphene to the target substrate. There are two disadvantages to this method; the first 
is the possibility of breaking the graphene sheet if the work of adhesion between 
graphene to the target surface is weaker than that of the graphene to the PDMS stamp, 
especially to the hydrophobic surface and flat surfaces. In addition, the uncured PDMS 
oligomers will migrate gradually to leave a residue layer of PDMS and this situation is 




As described above, all methods fail to transfer graphene to delicate surfaces without 
leaving any residue or introduce any stress to destroy the graphene sheets113,74,108,109 
Hence, a more universal method to transfer graphene to arbitrary substrates should be 
developed for research and development purposes. A detailed study of the new 




1.3 Characterization techniques for graphene based materials 
 
In this thesis, the fundamental properties of CVD graphene based material are studied 
using different experiment techniques. To study the structural information of graphene 
based materials, X-ray photoemission spectroscopy (XPS) is used to study the pristine 
components, the functional modified graphene, as well as the fraction of sp2 and sp3 
bonded carbon in each material. Subsequently, to explore the electronic property and 
energy dispersion in the graphene based materials, ultraviolet photoelectron 
spectroscopy (UPS) is employed. From the angle of spectroscopic study, Raman 
spectroscopy and UV-Vis-IR absorption spectroscopy are effective ways to 
characterize the carriers concentration and structural ordering in different graphene-
based materials, and these are also used in the characterizations. Variable angle 
spectroscopic ellipsometry (VASE) is employed for the first time to study the interaction 
behaviour for different polydielectrics/ graphene interfaces. Last but not the least, some 
key applications of thin film devices are fabricated to better understand the electronic 
property and field effect of graphene based materials. The working principles behind 
these critical techniques are elaborated in the following subsections.  
 
 
1.3.1 Raman spectroscopy of graphene 
 
Besides electronic, rotation and translational energy, a molecule has vibrational energy 
which can be probed by a powerful and non-destructive technique - Raman 
spectroscopy. It relies on inelastic scattering of the incident laser photon. When a laser 
is used to excite a molecule, which can elastically scatter the incident photons resulting 
20 
 
no change in the wavelength of the incident light (Rayleigh scattering) as shown in 
Figure 1.5. The excited photons may interact with the molecules and scatter the 
photons with energy different in quantized increments according to the phonon modes 
of the molecules. Upon which, the photon can gain a discrete amount of energy due to 
annihilation of a phonon to form an anti-stokes Raman scattering (Figure 1.5) or more 
often lose that same amount of energy due to creation of the phonon to form a Stokes 
Raman scattering. Since the change in the energy of the scattered photon corresponds 
exactly to the phonon energy, the wavelength of the scattered laser photons can be 
easily measured using a grating. Basically, all asymmetrical vibrations, with respect to 
the centre, are Raman activities. These vibrations will be used to obtain vibrational 
information of chemical bonds and symmetry of molecules and as a result of which can 
provide a fingerprint to identify the molecule. For instance, the fingerprint region of 
organic molecules is in the wave number range of 500–2000 cm−1.114 Using quantum-
chemical calculations, the respective vibrations can be identified. Generally, in order to 
study the massive enhancement of Raman scattering when the excitation is resonant 
with some electronic transition of the material, a range of laser lines or even a tuneable 
laser is needed. However, other factors influence the choice of excitation wavelength. 
For example, materials show strong photoluminescence (fluorescence) when the 
excitation lies close in energy to an absorption band and it is necessary to avoid 
resonance conditions by using other techniques such as Fourier Transform 
spectrometer, which uses very low energy excitation with a wavelength 1064 nm and is 




Figure 1.5 Energy level diagram explaining Raman scattering. 
 
Raman spectroscopy is a widely employed tool in graphene research to determine the 
number and orientation of layers, the quality and defects, and the effects of interactions 
with electric fields, strain, doping, disorder and functional groups and so on.115,35,116-118  
 
All wavelengths of incident radiation are resonant in graphene due to its unique zero 
band-gap structure. Hence, the Raman spectrum contains information about both 
atomic structure and electronic properties of graphene. A typical Raman spectrum at 
514 nm of pristine graphene (Figure 1.7a; top) and defective graphene (Figure 1.7a; 
bottom) are compared. Among the six normal modes (two being doubly degenerate) at 
the Brillouin zone centre of graphene:119 A2u + B2g + E1u + E2g,120 only the one 
degenerate in-plane optical mode, E2g, is Raman active and this gives rise to the G 
peak at 1580 cm-1 in the graphene as shown in Figure 1.6a via the bond stretching of 
sp2 carbon pairs in both rings and chains. Other than the G peak, the Raman spectrum 
of single layer graphene consists of other distinct bands.121 The D peak located at 
1350 cm-1 is due to the breathing mode of aromatic ring (Figure 1.6b) and requires a 
defect for its activation which is from TO phonons around the Brillouin zone corner 
















peak intensity shows strongly dispersive character with excitation energy. The D’ peak 
also generated by double resonance happens as an intravalley process of connecting 
two points belonging to the same cone around K (or Kʹ). Both 2D and 2D’ peaks are 
the overtone of D and D’ peaks respectively. They are always active because their 
momentum conservation is satisfied by two phonons with opposite wave vectors 
without activation of under defects presence. The D peak intensity is therefore often 
used as a measure for the degree of disorder. The area ratio of the D to G peak 
measures the size of sp2 ring cluster in a network of sp2 and sp3 carbons.124 
 
Figure 1.6 Motion of carbon atoms in (a) G mode occurring at all sp2 sites, not exclusive to 
rings (b) D mode which is characteristic of the presence of six fold aromatic rings. 
 
The 2D peak, appears around 2670 cm-1, and its shape, width, and position have been 
used to determine the number of graphene layers.121 As seen in Figure 1.7b, the 2D 
peak shows blue shift and increased widths with the increasing number of layers with 
514 and 633 nm Raman excitation. However, shape and intensity changes can only be 
distinguishable for graphene layers fewer than 5. 
 




Figure 1.7 (a) Comparison of Raman spectra at 514 nm for pristine (top) and defected (bottom) 
graphene121 (b) Evolution of the spectra at 514 nm with the number of layers; (c) Evolution of 
the Raman spectra at 633 nm with the number of layers. 
 
Raman spectroscopy is also an effective tool to determine the carriers concentration or 
doping in the graphene material.35,117,118 The effect of doping induced by SiO2 back- 
gating and polyelectrolyte to p-gating on the G-band frequency and full-width half-
maximum (FWHM) has been reported. The different carriers can be controlled by 
applying different sign bias. The results from gating35,117 showed G peak stiffening and 
a decrease in line-width for both electrons and holes doping which stop decreasing 
when the doping causes a Fermi-level shift bigger than half the phonon energy. Due to 
the same response to the holes and electrons doping in both G peak position and line-
width, their changes cannot be used to determine the type of doping. However, the 2D 
peak position shows different response to holes and electrons doping and can be 
applied to distinguish them. When the electron concentration increases, the 2D peak 
position shifts to a higher/ lower wave number. The shift in these peaks can determine 
the carriers concentration. In the work done in Chapter 4, Raman spectra were 
obtained to do both qualitative and quantitative analyses. 
 
Raman spectra in this thesis are collected using a scanning confocal Raman 
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back-scattered geometry by a 514-nm laser (< 9 mW) focused through a 50x 
microscope objective with a 2400 lines mm-1 grating. Figure 1.8 shows a simple 
schematic of this technique with the back-scattered geometry, where the excitation 
source is focused through a microscope objective onto the surface being studied and 
the Raman signal reflected.  
 
 




1.3.2 Variable angle spectroscopic ellipsometry (VASE) of graphene 
 
Ellipsometry is a widely used optical technique that employs polarized light to analyse 
optical characterizations of thin films, surfaces, material microstructure, doping 
concentration, electrical conductivity and other material properties. It is achieved by 
measuring the relative amplitude and phase change of the s- and p-polarized light 
upon reflection or transmission from a sample. Light which is polarized parallel to this 
plane is p-polarized, while light polarized perpendicular to this plane is s-polarized. The 
basic setup of a spectroscopic ellipsometer is shown in Figure 1.9, which uses a broad 







together with a compensator to convert the light to linear polarization. This is different 
from traditional ellipsometry which uses single-wavelength lasers as the light source. 
During the measurement, reflected light is dispersed onto the array of silicon 
photodiodes in a charge-coupled device (CCD) (Figure 1.9) to simultaneously measure 
all the wavelengths of the broad spectrum.  
Figure 1.9 Schematic of the variable angle spectroscopic ellipsometry (VASE) where θ is the 
incident angle. 
 
Although optical techniques are inherently diffraction limited, ellipsometry exploits 
phase information and the polarization state of light, and can achieve angstrom 
resolution. It also can get information of the film’s optical constants (n, k). The 
experimental values (, ) which are two of the four Stokes parameters can be 
related to the Fresnel amplitude reflection coefficients Rp, Rs for p and s-polarized light 





p                                                                                             Eq (1.1) 
where (, ) represents the phase difference and amplitude ratio between incident 
and refracted s- and p- polarized light waves; Rp, Rs are the amplitudes of the s and p 







As compared to using the profiler or AFM, ellipsometry is relatively non-destructive as 
there is no physical probe in contact with the film. However, ellipsometry is an indirect 
characterization method whereby the measured and  cannot be converted directly 
into the optical constants of the sample without optical modelling analysis. With 
appropriate parameters adjusted iteratively, it is able to give the best fit between the 
generated model (, )  values with the experimental (, ) values, which match the 
experimental data best in the view of least-squares minimization. Hence, it can provide 
both the optical constants and thickness.  
 
Figure 1.10a shows a typical set of experimental (, ) spectra of a freshly cleaved 
HOPG together their excellent fits to the uniaxial anisotropic model, while Figure 1.10b 
shows the extracted in-plane (n, k) spectra, for a freshly-cleaved HOPG crystal. These 
(n, k) spectra agree with the literature results.127,128 
 
Figure 1.10 Reflection variable-angle spectroscopic ellipsometry of a freshly-cleaved HOPG 
crystal, analysed using a uniaxial anisotropic optical model. (a) A set of typical ellipsometric 
angle (, ) spectra obtained, and their model fits. Symbols are experimental data (only 10 % 
shown for clarity), and lines are fits to a uniaxial anisotropic substrate model to yield the in-
plane (n, k) spectrum. The global root-mean-square error of the fits is ca. 1 over all three 
incidence angles. (b) Extracted in-plane refractive index nip and extinction coefficient kip 
spectra. 
 
In this thesis, variable angle spectroscopic ellipsometry will be used to investigate 

















































1.3.3 X-ray Photoelectron Spectroscopy of graphene 
 
X-ray photoelectron spectroscopy (XPS) is a widely used quantitative spectroscopic 
technique to determine the elemental composition, empirical formula, chemical state 
and electronic state of the elements on the surface of a material. The surface analysis 
is accomplished by irradiating a sample with monoenergetic soft X-rays (with a photon 
energy of 200-2000 eV) in ultra-high vacuum (UHV) conditions to examine the core- 
levels where electrons are emitted and the energy of the detected electrons is 
analysed.  
 
The most commonly employed X-ray sources are Mg K (1253.6 eV), Al K (1486.6 
eV), or monochromatic Al K (1486.7 eV) X-ray and they will interact with atoms on 
the surface of the sample, causing electrons to be emitted by the photoelectric effect. 
The X-rays photons have penetrating power in a solid on the order of 1-10 m. 
However, only those photoelectrons originating from the top 1 to 2 nm of the material 
that actually escaped into the vacuum of the instrument can be detected since they can 
leave the surface without energy loss.129,130 These electrons produce the peaks in the 
spectra. The electrons that undergo inelastic interaction before emerging from the 
sample form the background. The emitted electrons have kinetic energies given by 
KE=h-BE-s where h is the energy of the photon, BE is the binding energy of the 
atomic orbital from which the electron originates, and s is the spectrometer work 
function.  
 
The binding energy is defined as the difference in energy between the ionized and 
neutral atoms. There is a characteristic binding energy associated with the core atomic 
28 
 
orbital for each element. The Fermi level corresponds to zero binding energy and the 
depth beneath the Fermi level indicates the relative energy of the ion remaining after 
electron emission, or binding energy of electron. Spin-orbit will split after closer 
inspection of the spectrum for p, d and f levels some levels upon ionization to give rise 
to a closely spaced doublet photoemission peak p1/2, p3/2, d3/2, d5/2, f5/2 and f7/2. The 
spin-orbit splitting ratio is 1:2, 2:3 and 3:4 for p, d and f levels respectively. The binding 
energy not only depends on the level from which photoemission is occurring, but also 
on the formal oxidation state of the atom as well as the local chemical and physical 
environment where changes will give rise to small shifts in the peak positions in the 
spectrum - so-called chemical shifts. Hence, these binding energy shifts can be used 
to determine the chemical states of the materials being analysed.131 
 
XPS is widely employed to study the structural information of graphene based 
materials whose conductivity is high enough without showing charge effect. For 
example, it can be used to determine the components of the sample, chemical 
environment from the peak position fraction, presence of defects and so on. In the 
surface doping process of graphene, XPS is commonly used to determine the 




Figure 1.11 (a) Simple schematic representation of the experimental set-up for X-ray 
photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). (b) C1s 
core-level X-ray photoemission spectra of transferred graphene monolayer on native Si. 
 
XPS of different samples was collected in the ESCALAB MkII spectrometer to give the 
empirical formulae and chemical composition of these surfaces. A simple schematic 
diagram of this technique is shown in Figure 1.11a. The core level photoemission was 
measured at a photoemission angle of  = 90º, using an X-ray source Mg K at 
1253.6 eV and detected using a hemispherical electron analyzer, with a resolution of 
50 meV. X-ray spectra of F (1s), N (1s), C (1s), Sb (3d3/2) as well as an overall wide 
survey spectrum were acquired for each of the two samples. Constant pass energy of 
20 eV for the core level spectra and 50 eV for the survey spectra was applied to the 
analyzer for the emitted electrons. The core level spectra were processed by linear 
background subtraction. The photoelectron inelastic mean free path (lo) in the sample 
determines the information depth interrogated by the technique. This mean free path 
value depends on the photoelectron kinetic energy, which differs across the binding 
energy spectrum. However, for the atomic states studied in this work, the variation is 















photoemission depth is therefore 25 Å  and the information depth is taken to be 3lo (i.e. 
75 Å ). 
 
An example of a XPS spectrum the C1s binding energy of a transferred CVD graphene 
on native Si is shown in Figure 1.11b and the binding energy of the graphene sp2 
carbon is 284.5 eV which is same as the reported value.37,38 
 
 
1.3.4 Ultra-violet photoelectron spectroscopy of graphene 
 
Ultraviolet photoelectron spectroscopy (UPS) is a surface analysis technique that is 
widely used to study the band structure such as density of states and work function of 
material. UPS using vacuum UV radiation with a photon energy of 10-45 eV is a very 
useful tool to examine valence levels.132,133,134 In general, UPS spectra are collected 
using He-I discharge lamp as a primary incident photon source with photon energy of 
21.21 eV which can only excite electrons from valence levels. The advantage of using 
such UV radiation over X-rays is the very narrow line width of the radiation and the 
high flux of photons available from simple discharge sources. While photoelectrons 
with ionization potential lower than the incident photon energy will be excited to 
vacuum-level. Therefore, UPS provides the electron binding energy in the proximity of 
valence band. The kinetic energy (EK) of the emitted photoelectrons depends on the 
binding energy of the electrons. It is defined by Einstein relation: 
EK= h- M- EB                                                                                                      Eq (1.2) 
where EB is the binding energy of the electron relative to the Fermi-level (EF), M is the 
work function of the high work function substrate; h is the incident photon energy. 
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Therefore, the EF of substrate in the spectrum, defined as when EB = 0. The vacuum 
work-function (M) of substrate can be extracted from the low energy cut off (LECO) 
(as shown in Figure 1.12c), which is given by the difference between incident photon 
energy and spectrum width: 
M = h- Fermi step (EF) + LECO                                                                         Eq (1.3) 
From energy conservation, the energy range shown in the UPS spectrum gives the IP 
of the organic semiconductor as:  
IP= h – Take-off energy+ LECO                                                                          Eq (1.4) 
Figure 1.12 shows a typical UPS spectra plot on a 20 minute sputtering Au substrate. 
Figure 1.12 shows the wide plot from Ek of 0 – 30 eV. The circled peak on the left is 
enlarged as shown in Figure 1.12b which represents the LECO of gold. The circled 
peak on the right is enlarged as shown in Figure 1.12b which can be used to obtain the 
EF as indicated by the arrow. There is a finite density of states at the Fermi level which 





Figure 1.12 Illustration of a typical UPS spectrum plot on a 20 minute sputtering Au substrate. 
The value of LECO, Fermi step and take-off energy can be directly extracted from the UPS 
spectra.  
 
To determine the energy levels across the multilayer structure, which provides 
information on the direction of charge transport in energy level alignment process, the 
photoelectrons are collected at normal emission angle in a proposed three-step model 
for the photoemission process: (a) the probability of excitation in the solid; (b) the 
probability of scattering of the excited electron on its path to the surface by the atoms 
constituting the solid, and (c) the probability of transmission through the surface to the 
detector. Therefore, conductive substrates are used in UPS samples to avoid sample 
charging which would result in shifting of the binding energy values due to 
accumulation of positive charges on the surface or artificial band-bending effects 
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UPS is used to explore the electronic property and energy dispersion in the graphene 
based materials. It is widely used to obtain work function of graphene material which 
indicated the type and concentration of the carriers in the material.37,38 UPS can be 
used together with XPS to get full information about the structure and components of 
the graphene sample. 
 
 
1.3.5 Field-effect transistor (FET) devices 
 
The hall bar design135 with six electrodes is commonly used to measure carrier mobility 
of graphene. (hall) In this configuration, graphene is first transferred to 300 nm SiO2 on 
Si. The six metal contact electrodes are then deposited by electron beam lithography 
(EBL). The typically hall mobility of a monolayer CVD graphene reported is around 
7350 cm2 V-1 S-1 at 6 K.66 
 
The carrier mobility of graphene can also be measured in a field-effect transistor 
device configuration.  When measured in this way, they are called the field-effect 
mobility (FET). FET is a three-terminal device comprising of three electrodes (source, 
drain, and gate), the semiconductor and dielectric material. There are two commonly 
used FET configurations as shown in Figure 1.13 to measure FET. There are bottom- 
gate, bottom-contact (BGBC) and top-gate, top-contact (TGTC) device configuration. 




Figure 1.13 FET device configurations of (a) Bottom-gate, bottom-contact; (b) top-gate, 
bottom-contact.  
 
In BGBC configuration (Figure 1.13a), the gate dielectric layer is usually a 300-nm- 
thick-SiO2 on Si. The gate electrode is p++-Si. Boron nitride has been employed as a 
dielectric layer to get a high mobility with graphene due to its advantage of minimizing 
the scattering. Source and drain electrodes are all deposited by thermally-evaporated 
metal or EBL.  
 
In TGTC configuration, the gate dielectric layer is usually a high k inorganic dielectric 
layer for example Al2O3 56,136 which can help to minimise the gate leakage as well as a 
high voltage operational possibility. Source, drain and gate electrodes are all deposited 
by thermally-evaporated metal or EBL. (see Figure 1.13b) When graphene FET is 
measured with TGTC configuration, top-gate is usually Ti or Au. 
 
Due to the advance in the EBL technique, electrodes can be evaporated to any 
location of the substrate. And it can lithography patterns the electrode with features in 
nanometre scale without mask. Hence, it can deposit the electrodes with small channel 
length which will help to minimise the scattering and obtain a high mobility value. 
Hence, TGTC is a more effective way to get high mobility of graphene. As reported by 
Ruoff’s group,56 a dual-gated FET of CVD graphene using Al2O3 as the gate dielectric 



















usage of the top-gate configuration, the scattering effect of the photons decreased by a 
lot, hence the carriers’ mobility measured with top-gate is higher than the bottom-gate 
devices.  
 
In a FET operation, , by applying a positive (negative) gate voltage, a large electric 
field induces negative (positive) charge carriers accumulating in 1– 2 nm of the organic 
semiconductor near the organic semiconductor-dielectric interface which will in turn 
modulate the source-drain conductance for a given source-drain voltage. To 
characterise the FET, two measurements are taken: transfer characteristic and output 
characteristic.  
 
A transfer curve is obtained by applying a constant source-drain voltage Vds while 
source-drain current Isd is measured as a function of sweeping gate voltage Vgs. By 
measuring a set of different Vds, a Transfer characteristic is obtained. Output 
characteristic is taken with a constant Vgs and measuring Isd as a function of sweeping 
Vds. A set of different Vg will give an output characteristic. In this case the linear 







                                                                             Eq (1.5) 
where L is the channel length, W is the channel width, Ci is the capacitance per unit 
area of the insulator, Vgs,th is the threshold voltage, and Ids is measured here. The Vgs,th 





In this thesis, bottom-gate bottom-contact FET configuration is used to measure FET. 
The bottom electrodes are defined by the thermal evaporation of a 7 nm thick Cr 
adhesive layer and a 30 nm thick Au layer through a channel mask. A typical transfer 
curve of a transferred graphene with a bottom-gate, top-contact configuration is shown 
in Figure 1.13 with a 300 nm SiO2 substrate with a channel length of 40 m and width 
of 1.2 mm. It shows ambipolar behaviour, and no hysteresis which indicates well-
defined charge-carriers motilities with no trapping. However, the mobility is only ca. 

















Figure 1.14 A typical transfer curve of a transferred graphene with a bottom-gate, to p-contact 




1.3.6 Dc eelectrical conductivity 
 
The four-point point probe technique is an accurate way to measure electrical 
conductivity because it eliminates the contact resistances through the separation of 
current and voltage electrodes. The device configuration contains four equally-spaced 
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Capacitance = 11.5 nF/cm2
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passing a current through the two outer probes and measuring the voltage across the 
inner probes. The four electrodes can be deposited by thermal vacuum evaporation or 
EBL or photolithography, and the schematic configuration is shown in Figure 1.15. 
 
Figure 1.15 Schematic configuration of four point probes’ device. 
 
All conductivity measurements in this thesis are done on four-point probes with 
photolithographically pattern electrodes of 7 nm chromium adhesive layer and 30 nm 
gold on glass substrates. To measure the device, current is swept through the outer 
electrodes and the introduced voltage in the inner electrodes is measured. Conductivity 








 , where Ids and V are 
current passing through the outer electrodes and voltage difference between the two 
inner electrodes respectively, L is the channel length and W is the channel width of 
conduction and t is the thickness of the film. A typical I-V curve of transferred graphene 
with the four- point probe measurement is shown in Figure 1.16. The inset shows the 
photograph of the substrate with two sets of electrodes. In the literature reported way 
of measuring conductivity of graphene, where Hall bar design is usually used same as 
the FET measurement,66,135 only the four-terminal longitude electrodes (Figure 1.13c) 








Figure 1.16 A typical conductivity I-V curve of a transferred graphene; and inset shows a 
photograph of a transferred graphene film onto two shadow-evaporated 4-in-1 point Cr/ Au bar 
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Chapter 2 Novel graphene transfer method 
 
In this chapter we report a new method that allows the chemical vapour deposited 
(CVD) graphene to be transferred with high ﬁdelity at the desired location on almost all 
surfaces, including fragile polymer thin ﬁlms and hydrophobic surfaces. The method 
relies on a sacriﬁcial self-release polymer layer placed between a conventional poly 
(dimethylsiloxane) (PDMS) elastomer stamp and the graphene that is to be transferred. 
This self-releasing layer provides a low work of adhesion on the stamp, which 
facilitates delamination of the graphene and its placement on the new substrate. 
Furthermore, this transfer method leaves neither residue on the graphene nor 






Mechanical exfoliation of highly-oriented pyrolytic graphite (HOPG)1 provided the first 
well-ordered but millimetre sized graphene monolayers and multilayer flakes in small 
quantities and just sufficient for fundamental studies1. Recently, CVD growth of 
graphene monolayers has made large sheets of graphene available on certain metal 
foil substrates.2-5 Although this graphene typically comprises a patchwork of graphene 
mosaics6-10, it appeared suitable for applications. Following this success, however, a 
critical challenge has emerged: to develop reliable methods to transfer this graphene 
from its growth substrate to the application substrate without damaging the fragile 
patchwork or leaving undesired residues on the graphene surface. Currently, most 
widely investigated and reliable approach is based on the carrier foil method3,11-15, 
where by the graphene monolayer is attached to a carrier foil, which is usually a thick 
film of poly(methyl methacrylate) (PMMA)3,11,12 or a thermal release (TR) tape13,14, that 
provides mechanical support for the graphene when its growth substrate is etched 
away. The carrier foil is then placed over the destination substrate, and the graphene 
sheet is released either by dissolution of the foil or heating of the tape. This can be 
carried out successfully on a variety of “hard” substrates, such as glass, Si, boron 
nitride, and commodity plastic foils16. However, this transfer method lacks precision 
placement capability, subjects the graphene to large damaging stresses, and requires 
aggressive post-patterning and cleaning of the transferred graphene12,15, which limit its 
general applicability.  
 
Another widely used approach is based on the elastomer stamp method16-18, whereby 
the graphene layer is then deposited onto the destination substrate by stamping. This 
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method has built-in ‘pick-and-place’ capability, but requires a stronger adhesion 
between graphene and the destination surface than between graphene and the PDMS 
elastomer stamp for successful transfer. This limits its applicability to certain hard, flat 
and hydrophilic surfaces16, and often results in fragmentation of the fragile graphene 
sheet. Here, in this chapter we show that by adding a self-release layer (SRL) between 
PDMS and graphene it is possible to readily achieve general and high-fidelity transfer 
of the graphene monolayer onto almost all surfaces, including hydrophobic and soft 
ones, such as thin molecular and polymeric films, for which the other conventional 
transfer methods fail. 
 
 
2.2 Experimental methods 
 
Description of the graphene transfer method 
 
The quality of the incoming commercial graphene on copper (Cu) foil is first screened 
for defects by imaging Raman spectroscopy. Poor-quality graphenes with a large D-
band of the Raman intensity tend to give bad transfers and hence are rejected for our 
use. We also found independently that graphene on 25 m-thick Cu foil tends to give 
good transfers because it has less severe Cu pulling lines. However, these topics are 





Figure 2.1 Schematic of the self-release layer (SRL) methodology in combination with pick-
and-place elastomer stamp. The SRL is a 0.2- to 1-m-thick polymer film selected as 
discussed in the text to enable dry or wet transfer of the SRL/ graphene bilayer from the 
elastomer stamp to the destination surface, and is chosen such that it can be removed using 
an inert and orthogonal solvent that does not affect the underlying ﬁlms and/or other fragile 
structures present on the destination substrate. 
 
Figure 2.1 shows the schematic of the transfer method. In a typical procedure, 
graphene on Cu foil is mounted on glass substrate. A 0.2– to 1-m-thick SRL is then 
spun-cast over the graphene, and brought into conformal contact with the PDMS 
stamp. The excess graphene is then removed by oxygen plasma. The Cu growth 
substrate is subsequently etched away by Cu etchant to leave the SRL/ graphene 
bilayer onto the stamp, which provides a rigid mechanical support to avoid large 
bending stress that may fracture the graphene monolayer during transfer. The stamp is 
then brought into contact through the graphene face with the destination substrate. A 
soft-bake is then performed at 100–120 ° C for 1–3 min (details depending on the glass 
transition temperature of the SRL) to achieve conformal contact and adhesion. After 
the bake, the stamp can be lifted off to leave the release SRL/ graphene bilayer on the 
destination substrate. The generally low work of adhesion between the stamp and the 
SRL, compared to that between the graphene and the destination surface, facilitates 
this dry transfer. The SRL is then dissolved away in a suitable orthogonal solvent. 
When transferring graphene onto fragile substrates, such as polymer multilayer stacks, 
it may further be advantageous to release the graphene in the presence of the solvent, 
to give a wet transfer of the graphene. 
i. graphene patterning
ii. solvent release layer (SRL)













Surprisingly, we found that the transferred graphene surface can be molecularly clean. 
The SRL film can be completely removed by short solvent dip under ambient 
conditions. Any residue is less than a 2-Å -thick. This has been ascertained by a 
combination of reflection variable-angle spectroscopic ellipsometry using highly 
oriented pyrolytic graphite as a model substrate (Session 2.3.8, Table 2.2, Figure 2.10), 
imaging Raman spectroscopy (Session 2.3.9, Figure 2.11), and scanning electron 
microscopy (Figure 2.4). In some cases, however, we found that the SRL leaves a 
monolayer (for example, fluoropolymers). Nevertheless, this may turn out to be 
beneficial for some applications. In general, for the SRL to be completely removed, it 
needs also to be chemically resilient to the etchant used to remove the growth 
substrate. One important example of a polymer that fails this criterion is PMMA. It 
reacts with the Cu etchant (aqueous FeCl3) to leave intractable PMMA residues 
(Session 2.3.10, Figure 2.12). 
 
One of the detailed transfer recipes are described here. Typically a 0.2- to 1-m-thick 
film of polyisobutylene (PIB) (Mw = 745,000; Polymer Source) was spin-cast from a 
20–60 mg mL–1 solution in n-decane (HPLC grade, Sigma Aldrich) to form the SRL on 
CVD graphene grown on Cu (typically 2x2-inch2, 25-m-thick Cu foil; Graphene 
Supermarket). The film was then annealed at 100 ºC for 5 min to remove residual 
solvent. A 3-mm-thick PDMS elastomer stamp was separately fabricated under 
vacuum conditions. This stamp was cut to be slightly smaller than the graphene/ Cu foil 
and brought into conformal contact with this SRL layer. Conformal contact was verified 
visually by absence of the air-gap reflection and interference fringes. The assembly 
was then flipped over and seated on a glass cover slip that is partially covered by a 
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siloxane-coated paper (slightly smaller than the PDMS stamp) for ease of subsequent 
disassembly of the PDMS stamp from the cover slip. The glass slip was then seated in 
a glass petri dish. The bottom graphene layer and the perimeter of the top layer not 
covered by the PDMS stamp were then etched away by oxygen plasma in a barrel 
etcher (270 W, 0.2 mbar, 80 min). The PDMS stamp was then floated, Cu foil down, on 
a 0.5 M FeCl3 (Sigma Aldrich) etchant solution for ~ 60 min to remove the Cu foil. As a 
result, the graphene layer becomes transferred as a result to the SRL/ PDMS stamp. 
This graphene-faced stamp was rinsed with copious amounts of clean Millipore®  water 
to remove etchant and etch residue. Water droplets on the sides of the stamp were 
then removed by capillary action with cleanroom Texwipe®  paper. The graphene-faced 
stamp was then brought into conformal contact with the destination substrate. In some 
cases, annealing to 100–120 ° C for 1–3 min was necessary to develop sufficient 
adhesion between graphene and the destination substrate. The final step for graphene 
transfer can be carried out in two ways. The first method is dry transfer, in which the 
PDMS stamp is simply lifted off to release the SRL and graphene to the destination 
substrate. The PIB SRL is then removed by decane, hexane or squalane, followed by 
decane, on the spinner, in three cycles. In the second method, wet transfer, the SRL 
removal solvent is flooded over the destination substrate while the PDMS stamp is still 
in conformal contact, and soaked for 5 min to swell/dissolve the SRL and release the 
graphene to the destination substrate. The destination substrate is then mounted on a 
spinner and spin-rinsed with SRL removal solvent three times  
 
Using PIB as SRL, graphene is transferred to different surface. A size of 10 X 10 cm2 
of CVD graphene was transferred to different surfaces including 300 nm SiO2 /Si, glass 
and 200-nm-thick Teflon®  AF2400 coated Si. The SRL in these transfers was 1100-
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nm-thick PIB and the release solvent was hexane or decane. In the transferring to a 
multilayers of polymers surface, patterned graphene defined by the pre-patterned 
PDMS was transferred to 90-nm-thick Teflon®  AF2400/ 35-nm-thick poly[2,5-bis(3-
tetradecylthiophene-2-yl)thieno[3,2-b]thiophene-2,5-diyl] (C14-PBTTT; synthesized in-
house)/Au patterned glass. The SRL was removed by soaking in squalane followed by 
brief rinse in decane, to avoid delamination of the dielectric/ semiconductor interface. 
AFM was then performed on the graphene face. Atomic force microscopy was 
performed in a Dimension 3100 (DI) using the Tapping mode.  
 
In an alternative recipe, 0.2- to1-m-thick polystyrene (PS) (Mw= 10,000; Sigma 
Aldrich) can be used as SRL. This film was typically spin-cast from a 30–150 mg mL–1 
solution in toluene (HPLC grade; Sigma Aldrich), and annealed at 80 ºC for 5 min to 
remove residual solvent. This SRL can be removed using toluene or chlorobenzene, 
depending on compatibility with the destination substrate.  
 
Finally, 200-nm-thick Teflon®  AF2400 (DuPont Fluoroproducts) can also be used as 
the SRL. This film was typically spin-cast from a 30 mg mL–1 solution in 1, 1, 2, 3, 3, 3-
hexa-fluoroprop-1-ene (Galden HT-200; Ausimont), and annealed at 90 ºC for 5 min to 
remove residual solvent. This SRL can be removed using 2, 2, 3, 3, 4, 4, 5-heptafluoro-
5-(1, 1, 2, 2, 3, 3, 4, 4, 4-nonafluorobutyl) tetrahydrofuran (Fluorinert FC-75; 3M) or 
perfluorohexane. 
 
Fabrication of patterned PDMS. The patterned PDMS support layer was fabricated in 
the following procedure as described. To ensure that the aspect ratio of the PDMS falls 
within the optimal range of 0.5<H/ L<5 and H/ D>0.05 film19 [with L (diameter of circle 
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pattern) = 500 μm; D (distance between centre of each circle) =1000 μm], the relief 
height, H of the PDMS pillar which corresponds to the SU-8 film thickness required, will 
thus be required to be at least ~400 μm.  
 
A SU-8 (MicroChem Corporation) template for micromolding the PDMS support layer 
was first fabricated. A glass substrate of 25 x 25 mm2 was SC1-cleaned before treated 
with hexamethyldisilazane (HMDS) to improve photoresist adhesion. A 400 μm-thick 
SU-8-2150 (negative radiation sensitive resist, MicroChem Corporation) was then spin-
coated on it. A uniform SU-8 thick film was then obtained by soft-baking at 65 C for 10 
minutes followed by at 95 C for 2 h to allow reflow, drying and hardening of the film. 
The patterned SU-8 mold was formed by overlaying the patterned transparency mask 
defined above with the assistance of a PDMS slab on the hardened SU-8 film and 
exposed to UV light (5 min, 365 nm, handheld 39 W lamp at a distance of 10 cm). It 
was then developed with the SU-8 developer (1-Methoxy-2-propyl acetate, MicroChem 
Corporation) with slight agitation for 30 min. The SU-8 template was then rinsed with 
isopropyl alcohol and N2-blown dry. A final hard-bake was carried out at 150 C for 5 
min to anneal any surface cracks that may be evident after development. 
 
To make the patterned PDMS support, 12 mL of 10:1 w/w% of Sylgard 184 silicon 
elastomer base and 1.2 mL of Sylgard 184 silicon elastomer curing agent (Dow 
Corning Sylgard 184 silicone elastomer) was mixed by whisking for 10 min before 
pouring onto an octadecyltrichlorosilane (OTS)-treated SU-8 mould that was secured 
level with wax in a petri-dish (diameter = 8 cm). The entire dish was then degassed 
controllably in a vacuum desiccator at 2.5x10-2 mbar until no bubbling was observed 
before being transferred to a vacuum oven to further pump and heat to 75 C overnight 
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to cure and harden the PDMS support layer without compromising on its flexibility. The 
SU-8 mould together with the patterned PDMS support layer was then removed and 
the patterned support layer separated from the underlying mould by peeling gently.  
 
Reflection Variable-angle spectroscopic ellipsometry (VASE) to check residues 
on HOPG substrate: freshly-cleaved highly ordered pyrolytic graphite was prepared 
by peeling with tape (Scotch®  MagicTM Tape, 3M). VASE was performed over 
wavelengths 400 <  < 1000 nm, at incident angles  = 50 º, 55 º and 60 º, to obtain 
the wavelength-dependent reflection ellipsometric angle (, ) spectra at a pre-
determined location on the crystal after different surface treatment to this HOPG 
surface. The VASE was collected for HOPG after post-heating at different 
temperatures: 80 ºC, 120 ºC, 150 ºC and 200 ºC. Or the VASE were done on the film 
after its exposure to different solvent including water, decane, toluene and acetone by 
spinning off and post- heating at 100 ºC. (One additional VASE was collected at post-
heating 200 ºC for decane.) Note: all the heating mentioned above were done for 10 
min on the hotplate in the ambient. In the last measurement, the desired polymer of a 
typical thickness ca. 200 nm was spun-over the crystal. The film was then annealed in 
a N2 glove box at 100 ºC for 5 min, cooled, and then soaked in the indicated clean 
solvent in beakers for 3 min to remove the polymer film, thrice. The HOPG crystal was 
then spin-rinsed with the solvent at 3000 rpm in the ambient. Then this crystal was 
measured by VASE at the same spot where the first measurement was performed. 
Subsequently, the crystal was heated to the indicated temperature for 10 min in the 




Atomic force microscopy (AFM) study on compatibility of SRL polymer with 
metal etchant : A 12 x 12-mm2 graphene multilayers were delaminated from an 
HOPG crystal using tape (Scotch®  MagicTM Tape, 3M) and then mounted on 12 x 12-
mm2 Si support wafers with the graphene face up. A 30−40-nm-thick SRL of PS, PIB or 
PMMA was then spin-cast over this surface. The assembly was contacted with a 0.5 M 
aqueous FeCl3 for 25 min at room temperature, then spin-rinsed thrice with Millipore 
water, and finally the respective solvent (toluene for PS, decane for PIB, and toluene 
for PMMA) to remove the polymer overlayer. AFM was then performed on the 
graphene face again. Atomic force microscopy was performed in a Dimension 3100 (DI) 
using the Tapping mode.  
  
Raman spectroscopy. A graphene monolayer was transferred onto oxygen-plasma 
cleaned 300-nm-thick thermal oxide Si wafer and other polymer surfaces using the 
SRL methodology with a 1.2-m-thick polystyrene (PS: Mw 10k, Sigma Aldrich) as 
release layer and toluene as solvent. 20 x 20-m2 Raman imaging was performed in a 
Raman confocal microscope (Renishaw In-Via Raman 2000) using streamline scan 
mode, with 20-mW 514-nm-excitation (Ar+ laser), and 750-s exposure. An individual 
Raman spectrum was typically performed in a Raman confocal microscopy (Renishaw 
In-Via Raman 2000) with edge scan mode with 514-nm laser excitation wavelength, 
20-mW power, and 20-s exposure. 
 
Scanning electron microscope (SEM): A centimetre-size graphene monolayer was 
transferred using the SRL technique on an Au-coated Si native-oxide wafer. SEM 
image was examined by field-emission SEM (JEOL JSM 6700-F FE-SEM) operated at 




Solid-state visible-infrared (Vis-IR) spectroscopy: These spectra were collected on 
samples transferred to SC1 cleaned glass or spectrosil. The UV–Vis–NIR spectra were 
collected also in the N2 glovebox using a Deuterium Tungsten deep well halogen light 
source (DH-2000; Ocean Optics) and diode-array spectrometer (S1024DW; Ocean 
Optics).  
 
Dc electrical conductivity: Glass substrates were SC-1 cleaned as above, and 
evaporated with a 7-nm-thick Cr adhesion layer and 30-nm-thick Au through a shadow 
mask to provide 4-point-probe source–drain electrode pairs with 180-m channel 
length and 4.8-mm channel width. The monolayer graphene was transferred to this 
substrate with PIB as SRL and the dc conductivity was measured by a semiconductor 
characterization system (Keithley SCS4200) in N2 glovebox.  
 
Field-effect transport measurements: The monolayer graphene was transferred to 
hexamethyldisilazane (HMDS) treated 300 nm SiO2/ Si substrate with 30-nm-thick 
polystyrene as SRL. A thermal evaporated a 7-nm-thick Cr adhesion layer and 30-nm-
thick Au through a shadow mask was done to provide source–drain electrode pairs 
with 80-m channel length and 1.2-mm channel width. The bottom-gate, top-contact 
device was ready for field-effect mobility measurements by a semiconductor 







2.3 Results and discussion  
 
2.3.1 Characterizations of transferred graphene by microscopy techniques 
 
Figure 2.2 to Figure 2.6 present the results from various imaging techniques operating 
at different length scales, which confirm that unbroken graphene monolayers with size 
on the scale of centimetre scan be transferred using this method. PS was used as 
release layer and toluene as solvent.  
 
A typical optical microscopy image of the monolayer transferred using the PDMS 
stamp with and without the release layer is shown in Figure 2.2a and 2.2b respectively. 
The uniformity of the purple–blue coloration, which is the characteristic interference 
colour of a graphene monolayer on 300-nm-thick SiO2/ Si20, confirms that the film 
transferred is largely intact at the optical length scale and larger. In contrast, the film 
transferred without the SRL is highly fragmented, as revealed by the emergence of the 
pinker interference colour of the SiO2.  
 
Figure 2.2 High-fidelity graphene transfer enabled by the SRL pick-and-place methodology. 
Optical images of (a) successful transfer of a cm-size graphene film to 300-nm SiO2/ Si 
substrate, and (b) comparative failed transfer when the SRL was not present. Resolution of 






A typical G band intensity map for the graphene monolayer by imaging Raman 
spectroscopy on its growth substrate is shown in Figure 2.3a. It confirms the 
monolayer is continuous at the sub-µ m length scale. This film is continuous but 
contaminated in localized patches by carbonaceous species which give distinctive 
Raman peaks.21 This graphene monolayer was then transferred onto a Teflon®  
AF2400 polymer film that was spun-cast on a Si, or a SiO2/ Si substrate. The Raman 
images are shown in Figure 2.3b and 2.3c respectively. Both films are uniform (as 
evidenced by their constant G band intensity) across the entire substrate, and the 
carbonaceous contaminations have disappeared. Occasionally, small bare spots (as 
indicated by magenta arrow in Figure 2.3b and patches with twice the average G band 
intensity are found. These arise respectively from growth defects and graphene 
bilayers present in the film.22 The D to G band intensity-ratio is typically less than 0.2 
across the film (Figure 2.3d). This defect density is related to the CVD growth and the 




Figure 2.3 High-fidelity graphene transfer enabled by the SRL pick-and-place methodology 
Raman images: G band (1580 cm–1) intensity map for (a) graphene film on Cu foil growth 
substrate, and after transfer onto (b) 45-nm-thick Teflon®  AF film that was spin-cast on SiO2/ Si 
wafer, or (c) directly on the SiO2/ Si wafer; (d) D band (1350 cm–1) to G band intensity ratio 
map for the transferred graphene film on the SiO2/ Si wafer. The high-intensity patches in (a) 
correspond to contamination of the growth by other carbonaceous species, or multilayer 
graphene islands. Resolution of Raman images, 1 m. Raman excitation wavelength, 514 nm.  
Arrows in (b) point to holes in the transferred films that are characteristic of growth defects, 
rather than transfer defects. 
 
Both AFM and SEM confirm that our method indeed largely preserves the integrity of 
the graphene monolayer at the nanometre scale. No cracks or contaminant residues 
were found (Figure 2.4a and 2.4b). However, wrinkles are observed in the transferred 
graphene which are the defects during the growth process caused by shrinkage of the 
Cu during cooling down.22 In contrast, graphene sheets transferred by the usual carrier 
foil or elastomer stamp methods show significant surface residues.23,24 The high 
integrity of our transfer technique allows native defects of the CVD graphene to be 























































profile, bottom of Figure 2.4a) which may be attributed to thermal-stress wrinkles 
formed during cool-down21, and small sub-10-nm diameter holes (inset, Figure 2.4a) 
which may be attributed to growth defects.22 In addition, we also found ripples with 
height on the atomic scale. 
 
Figure 2.4 High-fidelity graphene transfer enabled by the SRL pick-and-place methodology 
Atomic-force microscope images of (a) graphene film on SiO2/ Si at low and high (inset) 
magnification. z-scale is 30 nm. Scanning electron microscope (SEM) image of (b) graphene 
monolayer transferred using the SRL technique on a Au-coated Si native-oxide wafer. The 
graphene monolayer was transferred using 1.1-m-thick PIB as release layer and decane as 
solvent, and then examined by field-emission SEM (JEOL JSM 6700-F FE-SEM) operated at 
10 A and 5.0 kV. No localized polymer residues were found. Arrows in (a) point to holes in 
the transferred films that are characteristic of growth defects, rather than transfer defects. 
 
 
2.3.2 Transfer of pre-patterned graphene  
 
Figure 2.5 shows digital camera image of pre-patterned graphene films transferred to 
an organic semiconductor device structure comprising a 190-nm-thick CYTOP polymer 
dielectric film/ 35-nm-thick C14-PBTTT polymer organic semiconductor film, and 
registered to the Au source–drain electrode arrays. Using this method, patterned 
graphene films can be placed at will to align to features that are already formed on the 






















aggressive post-patterning of the graphene film, which allows graphene integration into 
more complex device structures.  
 
Figure 2.5 Transferred pre-patterned graphene Digital camera image of pre-patterned 
graphene films transferred to an organic semiconductor device structure comprising a 190-nm-
thick CYTOP polymer dielectric film/ 35-nm-thick C14-PBTTT polymer organic semiconductor 
film, and registered to the Au source–drain electrode arrays. Image colour balance was 
adjusted to accentuate contrast for the graphene sheets. Image size, 10 x 9.5 mm2. 
 
 
2.3.3 Transfer of graphene onto transparent substrates 
 
Figure 2.6a-c show that graphene transfers with different dimensions have been 
conducted successfully on Polyethylene terephthalate (PET) (Figure 2.6a), borosilicate 
glass (Figure 2.6b) and sapphire (Figure 2.6c) substrates respectively. This 
demonstrates the versatility of the method to transfer graphene onto oxides and other 
hard inorganic substrates as well as flexible substrates.  
 
Figure 2.6 Photographs of graphene transferred to arbitrary transparent substrates (a) 
polyethylene terephthalate (PET), (b) borosilicate glass and (c) sapphire.  
 
 
graphene films transferred onto organic 
polymer dielectric/ semiconductor 




2.3.4 UV-Vis absorption of transferred graphene 
 
The transmittance of graphene is well-established that a single layer of graphene 
absorbs ~2.3 % of light.25,26 Figure 2.7 shows the transmittances of a single-layer 
transferred graphene as well as subsequent build-up of another graphene film on PET 
substrate .The results shows great coincidence to the reported value with a 
transmittance of 97.6 % for single layer and 95 % for the bilayer graphene at 550 nm. 
 
Figure 2.7 UV-Vis spectra of single- and bi-layer graphene transferred onto PET substrate. 
 
 
2.3.5 Dc conductivity of transferred graphene  
 
 
Figure 2.8 A typical conductivity I-V curve of a transferred graphene and bottom inset: A 
photograph of a transferred graphene film onto two shadow-evaporated 4-in-1 point Au bar 









































Channel length = 180 m 
Channel width = 4.8 mm
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We transferred out the graphene from its Cu growth substrate onto 300 nm SiO2/ Si substrates. 
Figure 2.8 shows a typical I-V curve of transferred graphene. The film conductivity is 
determined to be ~3000 S cm-1, which is higher than that of intrinsic graphene of 1000 S cm-1. 
27 A photograph of the device sample comprises of two sets of four-point 7 nm Cr/ 30 nm Au 
probes evaporated onto the transferred graphene sheet on 300 nm SiO2/ Si substrate is also 
shown in Figure 2.8 bottom inset. 
 
 
2.3.6 Field effect behaviour of transferred graphene  
 
In order to investigate the charge transport properties in graphene, we fabricated the 
field effect device for mobility measurement with a CVD graphene transferred to a 
HMDS treated 300-nm-SiO2 / Si substrate. We measured the field effect mobility under 
room temperature and low temperature. 
 
Figure 2.9 Field-effect behaviour of single layer graphene: (a) Room temperature transfer 
curves. (b) Schematic of the device structure. CVD graphene is transferred to the HMDS-
treated 300-nm-thick thermal SiO2 on p++-Si back gate, between the Au source and drain 
electrodes. The channel lengths are 42 m, and the channel width is 1.2 mm. (c) Temperature 
dependence of the ﬁeld-effect mobility in the Arrhenius representation with the device shown in 
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Figure 2.9b shows the device configuration. The substrate was treated with HMDS first 
to eliminate the surface trapping to carriers caused by hydrophilic absorbents.28 The 
graphene was then transferred over with a PS as SRL. A small drain–source voltage 
(Vds) was applied, and the gate–source voltage (Vgs) swept in both positive and 
negative polarities in a cycle to accumulate electrons and holes respectively in the 
channel. The transfer curve (Figure 2.9a) showed the devices are well-behaved with 
no hysteresis. It is behaved linearity in the tested Vgs regime with a negligible contact 
resistance. Extracted electron and hole mobility in this the bottom-gate, bottom contact 
device is e = 182 cm-2 V-1 s-1 and h = 162 cm-2 V-1 s-1. The value is lower than the 
reported value of 700-3000 cm-2 V-1 s-1.18,29,30 We suppose that the low mobility mainly 
results from the line defects of graphene ﬁlms induced by the grain boundaries during 
synthesis which will increase the scattering of the charge carriers.31,32  
 
Temperature dependent field effect mobility was also performed on the same device to 
exam the carriers’ transporting behaviour under electrical gating. Arrhenius 
representation (log  versus T−1) was plotted in Figure 2. 9c after normalizing with the 
room temperature mobility obtained in Figure 2.9a. The apparent activation energies 
Ea =−kB(d(ln)/d(1/T), where kB is the Boltzmann constant, were also extracted as 
shown in fig 2.9c. Both electron and holes show very weak temperature dependence 
transport behaviour with a mobility variation lower than factor of 1.5. At the lower 
temperature ranging from 60 k to 30 k, a good linearity of the Arrhenius representation 
can be plotted on the both carriers’ motilities with extracted Ea values of 0.2 and 0.16 
eV respectively. The extremely low thermal activation of carrier transport suggests 
transport occurs in a band-like regime through the grain boundaries in the graphene 
rather than a localized variable-range hopping transport happened in a disordered.32-34 
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Furthermore  shows a tendency to decrease as T increases above 80 K, which may 
be due to increased phonon scattering of the delocalized carriers.31,35 Nevertheless, it 
is still a good starting material for electronic property applications.  
 
 
2.3.7 Selection of the solvent for SRL: interfacial energy considerations 
 
Simple energy considerations suggest that in order to successfully dry transfer a SRL/ 
graphene bilayer assembly from a PDMS elastomer (“source”) surface to an intended 
“destination” surface, the work of adhesion between the destination surface and the 
graphene (WDG) needs to be larger than that between the source surface and the SRL 
(WSR). We show here that this condition is generally met for a wide variety of SRLs 
used in conjunction with the PDMS stamp, and for a wide variety of destination 
surfaces. 
The work of adhesion WAB between two contacting materials A and B is the work 
required to separate them and generate their respective free surfaces. This is given 
per unit area of their interface by:36-38  
ABBAB  AW                                                                                               Eq (2.1) 
where A and B are the surface energies of A and B respectively, and AB is the 
interfacial energy of A in contact with B. For surfaces that interact solely through 
London dispersion forces, which are typical of many situations of interest here, the 
interfacial energy takes a particular simple form: 
BBAB 2  AA                                                                                     Eq (2.2) 
As a consequence, WAB is simply given by: 
BAAB 2 W                                                                                                    Eq (2.3) 
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Without loss of generality for other 2D films, we can write for the case of dry transfer of 
the SRL/ G from an elastomer source surface to the intended destination surface the 
requirements that: 
WDG > WSR                                                                                                                                                                   Eq (2.4) 
WGR > WSR                                                                                                             Eq (2.5) 
These two conditions together ensures that when the SRL/ graphene assembly is 
brought into good van der Waals contact with the destination surface and subsequently 
brought into tensile stress, it will be energetically favourable for delamination to occur 
at the source/ SRL contact, rather than that destination/ graphene contact or the 
graphene/ SRL contact. 
 
We find that for the case interfaces dominated by London dispersion type van der 
Waals interactions, so that Eq (2.3) applies, both Eq (2.4) and Eq (2.5) are generally 
met for a wide variety of polymers as the release layer or destination for graphene, 
provided that the elastomer source surface is a low-energy surface, such as PDMS. 
Example results are shown in Table 2.1, which lists R, WGR, and WSR of a number of 
potential SRLs, with PDMS as the elastomer source surface. The glass transition 
temperature Tg, and solvents of these polymers are also listed because Tg influences 
the soft-bake temperature required for van der Waals contact, while orthogonal solvent 
considerations determine whether a SRL can be removed in the presence of other 
soluble films present on the destination surface. In these calculations, we used  = 20 
mJ m−2 for PDMS, and 62 mJ m−2 for graphene (based on the value for HOPG).38 The 
surface energies (R) and glass transition temperatures (Tg) of the SRLs are compiled 
from various well-known sources for the convenience of the reader. The SR is always 
smaller than GR because of HOPG >> PDMS. Therefore as long as DR also exceeds 
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SR, the dry transfer can be expected to be favourable. This is expected to be the case 
for any pair of polymers chosen from the table as the release and destination polymers. 
Nevertheless choosing polymers with lower surface energies, such as Teflon®  AF2400, 
PIB, Poly(t-butyl methacrylate) (PtBMA) and PS, advantageously increases the energy 
difference. Clearly the choice of SRLs is not limited only to those listed in this table. 
 
Table 2.1 Surface energy and glass transition temperature of polymers that can be employed 
as the SRL to dry transfer a graphene monolayer from a poly(dimethylsiloxane) elastomer 
stamp to a destination surface. R is the surface energy of the polymer entry, WGR is the work 
of adhesion between graphene and the polymer, WSR is the work of adhesion between PDMS 





b Tg Solventsc 
 mJ m–2 mJ m–2 mJ m–2 ° C  
      
Poly(dimethylsiloxane) (PDMS) 20 69 40 −123 CH, XYL, TOL 
Poly(isobutylene) (PIB)     decane, hexane, squalane 
Teflon®  AF2400 19 67 39 240 FC75 
 
 Cytop®  CTX-809SP2 19 67 39 
108 CT-SOLV108 
Polyvinylidene fluoride (PVDF) 32 88 51 -40 DMF, DMSO, MEK, THF 
Poly(t-butyl methacrylate) (PtBMA) 18 66 38 117 THF, CF, TOL, dioxane 
Polystyrene (PS) 34 90 52 105 TOL, THF, MEK, BA, CH, DX 
Poly(vinyl acetate) (PVAc) 35 92 53 32 TOL, BZ, DCM 
Polyoxymethylene (POM) 37 94 54 -70 DMF, phenol, anilines 
Poly(methyl methacrylate) (PMMA) 38 95 55 105 TOL, XYL, CF, CB, MEK, BA 
Polyethylene oxide (PEO) 43 102 59 -54 CF,BZ, , DMF, H2O, EtOH 
Poly(bisphenol-A carbonate) 44 103 59 150 THF, CF, CB 
 
Footnotes: 
a Compiled from: http://www.accudynetest.com/polytable_03.html? (last accessed, 20 
Jan 2013); and D. W. van Krevelen, in Properties of polymers: their correlation with chemical 
structure, their numerical estimation and prediction from additive group contributions (Ed 3, 
Elsevier Science BV, The Netherlands, 2009).  
b  Computed from Eq (2.3), see session 2.3.7. 
c THF = tetrahydrofuran, CF = chloroform, TOL = toluene, XYL = xylene, DX = dioxane, DMF = 
dimethylformamide, DMSO = dimethyl sulfoxide, MEK = methyl ethyl ketone, BA = butyl 
acetate, BZ = Benzene, CH = cyclohexane, DCM = dichloromethane, FC75 = 2, 2, 3, 3, 4, 4, 5-





If however the polymer is polar or can participate in acid−base (donor−acceptor) 
monolayer on its surface, whether this is tolerable (or perhaps it may even be desirable) 
obviously depends on the intended applications of the graphene. 
 
Other considerations include solvent orthogonality, ease of removal and chemical 
resilience. We have found a number of possible SRLs, including PS, PIB, and Teflon®  
AF. They belong to the classes of aromatic hydrocarbon polymers, aliphatic 
hydrocarbon polymers, and fluorocarbon polymers, respectively, which together 
provides sufficient diversity for solvents to be found that are orthogonal to (that is do 
not swell or dissolve) features on the destination substrate. 
 
 
2.3.8 Evidence for molecularly clean removal of the SRL from the graphene 
surface by reflection variable-angle spectroscopic ellipsometry (VASE) 
 
Using reflection VASE, we show here that a number of polymers (e.g. PS, PIB, PMMA) 
can be spin-cast onto graphene surfaces and then cleanly removed by dissolving in 
solvents in the ambient, without heating, to leave less than 2 Å  overlayer, which is 
detection-limited due to competing ambient contamination. This confirms the lack of 
specific interaction between these polymers and graphene. However some other 
polymers (e.g., Teflon® , Cytop®  and poly (bisphenol-A carbonate (PC)) can leave a 
residual layer of 25−35 Å, which is about 1 monolayer thick. 
 
For ease of performing measurements, we used HOPG as a model substrate for 
graphene to investigate whether any absorbed monolayer (adlayer) is present, when 
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the graphene surface is exposed to the ambient, or solvents, or polymer overlayers 
which are subsequently removed by solvents. We chose VASE to perform these 
measurements because of its speed, precision, reproducibility and sensitivity down to 
an adlayer that is only 1 Å  thick. HOPG is determined to be an excellent test substrate. 
Its surface can be refreshed simply by tape peeling. The freshly exposed surface gives 
a highly reproducible optical (n, k) spectra, where n is the wavelength-dependent 
refractive index and k is the wavelength-dependent extinction coefficient, on repeat 
measurements and from sample to sample. Nevertheless, the HOPG surface does 
slowly acquires an adlayer, presumably atmospheric organics in the ambient, which 
cannot be reversed by heating up to 200 ° C. In our class 1,000 cleanroom laboratory 
ambient, the rate of contamination can be kept below 1.5 Å  h−1, which is low enough to 
not compromise our measurements. Each set of contact adsorption experiments is 
thus typically completed within 2 h to avoid this competition. 
 
A freshly-cleaved HOPG was performed over wavelengths 400 <  < 1000 nm, at 
incident angles  = 50 º, 55 º and 60 º, to obtain the wavelength-dependent reflection 
ellipsometric angle (, ) spectra at a pre-determined location on the crystal. These 







p . The spectra were then fitted point-by-point to extract the in-plane (n, k) 
spectrum of the crystal using a uniaxial anisotropic optical model, in which the out-of-
plane (n, k) spectrum is taken from the literature (i.e., n = 1.45, k = 0.00, for 400 <  < 
1000 nm). Small uncertainties in this out-of-plane (n, k) function do not affect the 
extracted in-plane (n, k) function at all. These two spectra were then saved as the 
optical substrate model. The adlayer if any was then modeled as an isotropic overlayer 
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with refractive index of 1.5 at 550-nm-wavelength, with a weak normal dispersion given 
by n = A + B/ , where A = 1.48 and B = 0.010 m. We found this function is sufficient 
to model the optical constants of a wide variety of organic molecules. Small variations 
in A and B do not affect the results significantly. The mean-square-error (MSE) of the 
global fits across the entire window, and across all three  values, is typically less 
than 5. This indicates the model is good enough to describe the experimental data.  
 
First, a calibration check was done to ascertain the stability of the HOPG surface 
exposed to our cleanroom laboratory ambient. A freshly-cleaved surface was 
measured by VASE. Figure 2.10a shows a typical set of experimental (, ) spectra, 
together their excellent fits to the uniaxial anisotropic model, while Figure 2.2b shows 
the extracted in-plane (n, k) spectra, for a freshly-cleaved HOPG crystal. These (n, k) 
spectra agree with the literature results.39,40  
 
The evolution in the (, ) spectra is then measured as a function of time to determine 
the rate of growth of the contamination overlayer, measured at the same spot. Typical 
results are shown in S/No 1 of Table 2.1. This was determined to be ca. 1.5 Å  h−1. In a 
second set of experiments (S/No 2), the overlayer thickness on another freshly-cleaved 
HOPG crystal was measured after brief heating at various temperatures. In this 
experiment, we found that over a 2 hrs long experiment, the final overlayer thickness 
was only 0.6 Å . Therefore ambient contamination sets a floor to the accuracy of 
determination of an adlayer to be of the order of 1 Å  for a 1- to 2-hrs long experiment.  
 
In subsequent sets of experiments (S/Nos 3−6), we measured the residual overlayer 
formed after various solvents (water, decane, toluene and acetone) were deposited on 
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the freshly-cleaved HOPG crystal, and spun-off at 3000 rpm, in our cleanroom 
laboratory. This experiment measures the total adlayer due to the sum of solvent, 
atmospheric and handling contamination. The solvent quality used was HPLC grade or 
better (water and acetone were Electronic grade). These results are relevant because 
these solvents are used to perform spin-rinse of the SRL. For water, the deposited 
overlayer was 2 Å ; toluene, 2.5 Å ; decane, 4.5 Å ; acetone, 5.5 Å . The overlayer was 
substantially stable to heating to 100 ° C for 10 min. In some cases, a small growth with 
time was recorded, in agreement with further ambient contamination. These results set 
a floor to the reliable determination of the polymer adlayer, if any, after the solvent 
spin-rinse step. 
 
Finally, to determine the extent of polymer adsorption, the substrate optical functions of 
a freshly-cleaved HOPG crystal was first determined by VASE. The desired polymer 
film of typical thickness of ca. 200 nm was then spin-cast over the crystal. The film was 
then annealed in a N2 glove box at 100 ºC for 5 min, cooled, and then soaked in the 
indicated clean solvent in beakers for 3 min to remove the polymer film, thrice. The 
HOPG crystal was then spin-rinsed with the solvent at 3000 rpm in the ambient. Then 
this crystal was measured by VASE at the same spot where the first measurement was 
performed. Subsequently, the crystal was heated to the indicated temperature for 10 
min in the glove box, and measured by VASE again.  
 
S/Nos 7−11 show that PS, PIB, and PMMA leave residues less than 2.5 Å  thick. This is 
much lesser than a monolayer of the polymer in a hypothetic fully-extended 
conformation. It is also at the limit of reliable determination of the adlayer in the 
presence of competing ambient contamination. Therefore we can conclude that the 
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solvent removal of these polymers produces a molecular clean surface. This indicates 
that these polymers do not adsorb onto the graphene surface.  
 
Table 2.2 Overlayer thickness remaining on HOPG after solvent rinse-off, measured by 
reflection variable angle spectroscopic ellipsometry.  
 
 
S/No Experimenta d (nm)b t (min)c 







post-heating 80° C  
post-heating 120° C  
post-heating 150° C  
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7. PS (Mn 30k), then spin-rinse with toluene 0.15 210 
8. PS (Mn 400k), then spin-rinse with toluene 0.25 43 
9. PIB (MW 745k), then spin-rinse with decane 0.06  64 
10. PMMA (Mw 1M), then spin-rinse with acetone  0.08 47 
11. PMMA (Mw 1M), then spin-rinse with toluene  0.10 114 
12. Poly(bisphenol-A carbonate) (Mw 64k), then spin-rinse 
with chlorobenzene 
2.6 60 
13. PVB (Mw 40−70k), then spin-rinse with cyclohexanone 2.5 60 
14. Teflon® AF2400, then spin-rinse with FC75 2.5 80 
15. Cytop®  (CTL-809M), then spin-rinse with CT-solv 180 3.3 60 
 
Footnotes: 
a All heat treatment steps are 10 min long on hotplate in the ambient. 
b Ellipsometric layer thickness. Assumed n = 1.50, except for Rows 12 (1.58), 14 (1.29) and 
15 (1.45), with weak dispersion. 




In contrast, S/Nos 12−13 show that the PC and the poly (vinyl butyral) (PVB) samples 
we have used do leave a 25-Å  thick residual overlayer. This is much thicker than the 
known contamination overlayer thickness. Hence these polymers appear to adsorb 
onto graphene. The nature of this adsorption, whether through the polar carbonate 
group of PC, or the residual hydroxyl groups in PVB, is not clear at present. Also 
fluorinated polymers, such as Teflon®  AF and Cytop®  also leave a 25−35-Å -thick 
overlayer.  
 
Therefore PIB, PS and PMMA are well-suited to provide a molecularly clean graphene 
surface upon transfer and solvent removal of the polymer, while PC, PVB, Teflon®  and 
Cytop®  leave an adhering polymer monolayer. Nevertheless, such an ultrathin 
overlayer can be tolerated (or perhaps may even be desirable) for certain applications, 
such as top electrode films. 
 
Figure 2.10 Reflection variable-angle spectroscopic ellipsometry of a freshly-cleaved HOPG 
crystal analysed using a uniaxial anisotropic optical model. (a) A set of typical ellipsometric 
angle (, ) spectra obtained, and their model fits. Symbols are experimental data (only 10 % 
shown for clarity), and lines are fits to a uniaxial anisotropic substrate model to yield the in-
plane (n, k) spectrum. The global root-mean-square error of the fits is ca. 1 over all three 




















































2.3.9 Evidence for molecularly clean removal of the SRL from the graphene 
surface by imaging Raman spectroscopy 
 
Using chemical imaging Raman spectroscopy for two model SRLs , PS and PIB, we 
show that complete removal of the polymer by the solvent can indeed be achieved in 
the ambient to give molecularly clean graphene.  
 
Figure 2.11a shows the Raman intensity map of the residual PS, obtained by 
integrating the Raman signal over the band width of the 3054-cm−1 aromatic C−H 
stretching () mode of PS. This mode is Raman active and free from interference by 
graphene and silicon oxide. We found the measured PS intensity is below the 
detection limit of 1.0 x 102 unit per image pixel, where 1 unit = 1 count • cm−1, which is 
here limited by noise. In contrast, the graphene monolayer shows a G band intensity 
that is strong and uniform throughout the scanned surface (not shown), with an 
intensity of 4.0 x 104 unit per pixel. For calibration, a 1.5-nm-thick PS film gives an 
average intensity of 6.0 x 102 unit per pixel (Figure 2.11b). Hence the residual 
thickness of PS on the graphene monolayer does not exceed 2 Å , which is limited by 
noise here. For comparison, a monolayer of PS in the hypothetical lying-down 
conformation is 15 Å  thick by molecular modelling. Furthermore, no localized PS 
aggregates were detected on the image. Therefore the PS has been completely 
removed from the surface of the transferred graphene monolayer using toluene. 
Similar results were obtained for the 1.1-m-thick PIB used as SRL and decane as 
solvent. Figure 2.11c shows the Raman intensity map of the residual PIB, obtained by 
integrating the Raman signal over the band width of the C−H symmetric and 
asymmetric  modes (2880−2980 cm−1) of PIB. Again there is practically no detectable 
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PIB intensity above the noise floor of 5.0 x 102 unit per pixel here. For calibration, a 48-
nm-thick PIB film gives an average intensity of 1.0 x 105 unit per pixel (Figure 2.11d). 
Hence the residual thickness of PIB also does not exceed 2 Å . For comparison, a 
monolayer of PIB in the hypothetical lying-down conformation is 8 Å  thick by molecular 
modelling. Also, no localized PIB aggregates were found in the images. These results 
demonstrate that some polymers can be completely removed from the graphene 
surface using solvents in the ambient. Therefore the SRL methodology can be 
remarkably clean.  
 
Figure 2.11 Chemical Raman images of the polymer spectral region on transferred graphene 
monolayers using PS or PIB as SRL, after solvent spin−rinse. (a), (b): PS map (intensity 
integrated over 3020−3090 cm−1; aromatic CH ), for (a) graphene monolayer transferred with 
PS as SRL and toluene as solvent, and (b) 1.5-nm-thick reference PS film. (c), (d): PIB map 
(2850−3020 cm−1; CH2 s and as), for (c) graphene monolayer transferred with PIB as SRL 
and decane as solvent, and (d) 48-nm-thick reference PIB film. Raman spectra of the polymers 
are shown as insets in (c) and (d). Image size, 20 x 20-m2. Images were collected under the 
same conditions and settings. Excitation wavelength, 514 nm. Intensity is given in units of 
count • cm−1, for each pixel. For comparison, the graphene G band intensity of the graphene 












































2.3.10 Compatibility of SRL with metal etchant 
 
When PMMA was used as carrier foil to transfer graphene monolayers, there is always 
a residue layer reported. However, no literatures explained the reason for such a 
residue layer. In this session, we explored the compatible of three different SRLs 
including PS and PIB, and PMMA with the FeCl3 etchant solution which could be useful 
to find out the reason for the PMMA residues reported. 
 
Although all three polymers are known to not leave any significant polymer overlayer 
on the graphene surface, our experience shows that both PS and PIB, but may not 
PMMA, can be successfully used as the SRL in the SRL technique. The graphene 
monolayers transferred using PMMA as SRL leads to the appearance of significant 
amounts of residues on the graphene surface. This observation is similar to those 
reported in the literature where thick PMMA foils were used as carrier films to transfer 
the graphene after Cu substrate etch. Here we have traced the cause to the interaction 
between the FeCl3 etchant and PMMA, through the inevitable growth defects and 
microcracks that are present in the graphene monolayer. Therefore in order for a 
candidate polymer to work well as the release layer, the polymer must also be 
chemically resistant to the etchant used to release the graphene from its growth 
substrate. 
 
To investigate this effect, 12 x 12-mm2 graphene multilayers were delaminated from an 
HOPG crystal using tape (Scotch®  MagicTM Tape, 3M) and then mounted on 12 x 12-
mm2 Si support wafers with the graphene face up. Figure 2.12a shows a typical atomic 
force microscopy image of this face (AFM, 5 x 5 m2). It is smooth, as expected, 
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except for wrinkles due to the underlying tape. A 30−40-nm-thick polymer film of PS, 
PIB or PMMA was then spin-cast over this surface. The assembly was contacted with a 
0.5 M aqueous FeCl3 for 25 min at room temperature, then spin-rinsed thrice with 
Millipore water, and finally the respective solvent (TOL for PS, decane for PIB, and TOL 
for PMMA) to remove the polymer overlayer. AFM was then performed on the 
graphene face again. Figure 2.12b−d show representative results obtained for each of 
the graphene faces that were originally covered by PS, PIB and PMMA overlayers 
respectively. The face that was in contact with PS and PIB still appears clean. However 
the face that was in contact with PMMA is now decorated with particles. Discussion in 
session 2.3.8 and Table 2.2 show that PMMA does not leave any monolayer residue on 
graphene after spin-rinse. The results here thus indicate that the FeCl3 etchant 
modifies PMMA, perhaps by crosslinking, to cause it to adhere strongly to the 
graphene surface. Therefore PMMA is not a good choice for SRL because of its 
incompatibility with substrate etchant, but PS and PIB are suitable. 
 
Figure 2.12 Atomic force microscopy image of the surface of a thin graphite substrate after 











deposition of thin polymer overlayer of (b) PS, (c) PIB and (d) PMMA, followed by contact with 





The SRL transfer method we have developed here provides a significant extension to 
the elastomer stamp technique. This combination provides a robust means to transfer 
and place graphene monolayers (and also multilayers) at will onto almost any surface, 
including polymer thin films and those with pre-fabricated structures. Now it is possible 
not only to study the fundamental properties of these monolayers in virtually unlimited 
device configurations, but also to integrate graphenes into advanced device structures 
which are not possible previously. Furthermore, this method is also compatible with the 
transfer of other 2D materials such as boron nitride, and metal thin films, and may offer 
a viable approach to make high-quality macroscopic electrode contacts to self-
assembled monolayers. Applications with graphene will be explored in Chapter 3 and 4 
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Chapter 3 Graphene as top-contact electrode for fragile 
polymers 
 
In this chapter, two new applications with chemical vapor deposited (CVD) graphene 
transferred to ‘soft’ fragile thin polymer films are developed with self-release layer 
(SRL) transfer method. We fabricate high ﬁeld-strength polymer capacitors using 
graphene as the top contact over a polymer dielectric thin ﬁlm. These capacitors show 
superior dielectric breakdown characteristics compared with those made with 
evaporated metal top contacts. Furthermore, we fabricate organic ﬁeld-effect 
transistors using graphene as the gate electrode placed over stacked films of thin 






The recent advances in CVD graphene growth and transfer method to different 
surfaces opens up applications in graphene. Graphene is transparent, conductive, and 
highly flexible, hence it has great potential in transparent conductive electrodes in 
photovoltaic cells and conducting electrodes in field effect transistors (FETs). 
 
Indium tin oxide (ITO) is widely used in fabricating transparent conductor for liquid 
crystal displays (LCD), ﬂat panel displays, touch panels, solar cells and 
Electromagnetic interference (EMI) shielding. However, the drawbacks of ITO, such as 
high cost, limited supply, brittle nature, as well as indium migration into active layers 
during device operation1,2, which restrict its application in flexible substrate. It has been 
reported that, graphene has met the electrical and optical requirements with Rs 
reaching 30 Ω/□ in a doped form with nitric acid (HNO3)3 and transmittance is as low 
as 97.7 % per layer.4 Graphene also has outstanding mechanical flexibility and 
chemical durability which are required qualities for flexible electronic devices, in which 
ITO usually does not.5 CVD graphene is expected to be an excellent material for future 
optoelectronic devices. Its extraordinary electronic properties have been attempted in 
transparent electrodes for solar cells, LCD displays and FETs with the CVD 
graphene.5-7 The advanced research with graphene properties suggests that graphene 
gets the ability to replace ITO as conducting electrodes in the flexible electronics. 
 
Multiple layer graphene (MLG) films were used in heterojunction organic solar cell as 
anode electrode with the device fabricated in the configuration of poly(ethylene 
terephthalate) (PET)/ CVD graphene/ Poly(3,4-ethylenedioxythiophene) (PEDOT)/ 
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Phthalocyanine Blue BN (CuPc)/ C60/ bathocuproine (BCP)/ Al. In order to avoid short 
circuits and current leakage between graphene anode and PEDOT, 0.9-nm-thick 
surface roughness of graphene is controlled to be comparable with 0.7-nm of ITO 
films. With MLG of the lowest sheet resistance of 3,500 Ω/□ and optical transparency 
of 89 % as the anode, the overall power conversion efficiency (η) of 1.18 % is similar to 
ITO (Rs= 25 Ω/□, T= 97 %) performance 1.27 %.8 However, the performance is too low 
to complete with ITO as anode where the low efficiency is caused by its relatively low 
work function (WF). The low WF of graphene makes high injection barrier at the 
interface which hinders the holes injection between the graphene anode and the 
overlying organic layers. Doping graphene to tune the WF is an alternative way to 
improve the device performance.9-11  
 
Another application has been demonstrated organic thin ﬁlm field effect transistors 
using CVD-grown graphene as source and drain.12-17 With photolithographically micro-
patterned single layer graphene (SLG) electrodes from CVD grown method and single 
crystalline rubrene as an active channel in the FET , the devices exhibited excellent p-
type characteristics whose on/off current ratio is ∼ 107 and ﬁeld effect mobility is ∼ 10 
cm2 V-1 s-1 with a low threshold voltage of +5 V.16 However, problems like residual 
contaminated interface between the CVD graphene channel and electrodes which are 
raised from the transfer process as well as the photolithography patterning of the 
graphene electrodes still remains as a challenge for fabricating reliable junctions. The 
photolithography with subsequent dry and wet etching processes is incompatible to 
fabricated organic devices due to harsh patterning conditions. Although transferred 
CVD grown monolayer graphene to SiO2/ Si substrates in a pattern deﬁned by the 
geometry of the PDMS stamp has been used to maintain the clean graphene surface, 
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the graphene film transferred in this way tends to be broken and fragile due to the 
stiffness of the PDMS. In this thesis, we have developed a new method to transfer SLG 
onto a variety of substrates (including a thin polymer dielectric film), without damaging 
either the graphene or the underlying target substrate with a clean surface.18 In this 
chapter, we use this method to build new applications with graphene as top gate for 
organic thin film FETs and ultra-thin capacitors. 
 
Metal-insulator-metal (MIM) diodes are widely studied to evaluate performance of 
dielectrics, especially the ultrathin dielectrics, and controlling the breakdown process in 
film is the essential challenge for the high performance devices. Such diodes are the 
basis for other material combinations like conventional thin-ﬁlm field effect transistors 
with low operation voltage19,20.  
 
Insulating polymers have been more and more widely used as dielectrics because of 
their excellent electrical and mechanical properties to exhibit high-field electrical 
conduction and breakdown strength.19-22 However, compared to the well-studied 
breakdown of solid dielectrics, where a number of experimental work have been done 
and several breakdown mechanisms have been proposed,23 there are still problems on 
the breakdown process of polymers. The breakdown process of polymers depends on 
many factors including chemical structure, structural irregularities, additives or 
impurities, and so on. Furthermore, space charge effects like carrier traps, space 
charge enhanced current, piezoelectricity, distortion in the effective internal field have 




Electrical conduction of a polymer depends strongly on the nature of the metal-polymer 
interface as well as that of the polymer bulk. Carrier injection is a major electronic 
carrier source for the electronic conduction. Different polymers have different dominant 
carrier injections, for example: electrons for PEN (poly (ethylene naphthalate)) and 
PET while holes for PPX (poly-p-xylylene) and FEP (fluorinated ethylene-propylene 
copolymer). The barrier height for injection with the surface state is generally as high 
as 2 to 3 eV and is less dependent on the WF of the injected metal.21 The device MIM 
is characterized by a high degree of nonlinearity in its current-voltage characteristics as 
a result of a large difference in conductivity between on and off states. 
 
An important property displayed by polymer insulators is that they show some 
characteristic properties independent of their composition. Of which the large aspect 
ratio between film thickness and dimension makes the electric field in the insulator can 
be quite large which is well beyond dielectric breakdown in the bulk material. However, 
when film becomes thinner, the problem of "pinholes," or regions where the film does 
not cover the underlying surface, is quite significant. This will makes an earlier 
breakdown of the device or high leakage. Because polymers don't have a self-healing 
ability as inorganic insulation films, the surface cleanness of the substrate is very 
critical to form a uniform film with minimized pinholes. As a matter of fact, the minimum 
thickness of the polymers is dominated by the pinhole which is with an order of ~10nm. 
When the polydielectric film is thin enough, electron tunneling, field emission, space-
charge-limited c and impurity conduction happens. The insulators show a dramatic 
non-ohmic conducting current.8 That is the reason it is very challenging to prepare 




With the increasing demands of using organic thin film FETs as command devices for 
organic pixels in large screen displays, one needs to operate the device with high 
frequency above 100 kHz, low operational voltage and high output current. Hence, to 
explore the thin layer dielectric is very critical for this kind of application like low-
voltage-operational devices.24,25 Despite recent spectacular increase in fabricating 
organic thin film FETs with thin polymer insulators, poor yield is still unsolved. These 
problems are to a large extent a consequence of the roughness of the surface of the 
crystalline metal ﬁlm, which often increase the roughness surface morphology in the 
spin-coated dielectric over-layers. As a result, the electric ﬁeld across a MIM device will 
be highly non-uniform and earlier breakdown of the film due to the defective dielectric 
layers. Those pinholes in the dielectric over-layers will increase the chance of 
penetration the atomic top metal electrode.22 This could be another reason for the poor 
performance like high leakage current and earlier breakdown.  
 
Another problem with the top-gated devices is the metal contact problem. The metal 
contact allows the study of films’ electronic performance under bias or current flow. 
The problem is that the contacting process can damage the films; hence it makes the 
device performance unreliable and unrepeatable. Several gentle (soft) contacting 
methods like crossed wire junction,26 use of conducting scanning probe,27,28 use of 
liquid (Hg) metal,29 and thermal vacuum evaporation are developed to overcome the 
problem. Among of those methods, thermal vacuum evaporation is commonly used 
due to its technological advantages. However, it can damage the films or substrates in 
an irreversible way.30 In a normal evaporation of metal, the hot atoms/clusters reach 
the substrate with a high temperature and kinetic energy, which together with metal 
source radiation can modify the surface of substrates31 or damage the films.32 
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Furthermore, the damaged points facilitate metal penetration through the films to the 
substrate, which may lead to high leakage current or ultimately short the device. Under 
this situation, the thin film is more vulnerable to be damaged. Recent a few ways are 
developed to avoid the heating and radiation, but in this chapter we want to use 
another non-damage method to avoid the thermal evaporation process damage. A 
graphene top electrode will be used to replace the metal to prevent metal 
bombardment and migration. Comparisons have been done between graphene and 
different thermal evaporated top metal layers, the graphene top gated MIM has a much 
better performance with higher breakdown strength and survival yield than the rest 
metals. 
 
3.2 Experimental methods 
 
Graphene transfer method. All graphene sheets used in this work were transferred 
from a commercially purchased chemical-vapor deposition (CVD) grown graphene on 
a 20-25-µ m-thick Cu foil (Source: Graphene Supermarket). The graphene transfer step 
is followed the method described in Chapter 2 with polystyrene (PS) or polyisobutylene 
(PIB) as SRL.  
 
Fabrication of ultrathin capacitors. Glass substrates were SC-1 cleaned 
(H2O:H2O2:NH4OH = 10:2:0.5; 75 ° C, 30 min) and then evaporated with a 7-nm-thick 
Cr adhesion layer and 30-nm-thick Au through a shadow mask to provide 0.11-mm-
wide bottom electrodes. The substrates were then cleaned by oxygen-plasma (200 W, 
250 mTorr; 10 min). A 45-nm-thick Teflon®  AF2400 (DuPont Fluoroproducts) film was 
spin-cast from a 5 mg mL–1 solution in 1, 1, 2, 3, 3, 3-hexa-fluoroprop-1-ene (Galden 
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HT-200; Ausimont), and annealed at 90 ºC for 5 min to remove residual solvent. Also, 
a 45-nm-thick amorphous fluoropolymer CYTOP®  was spin-cast from (poly(4-
trifluoroethenyloxyheptafluorobut-1-ene), Type M, AGC Asahi Glass)/SOL-180 (AGC 
Asahi Glass) with a volume ratio of 1/5), and annealed at 90 ºC for 5 min to remove 
residual solvent. For capacitors with Au, Ag or Al top electrodes, 30-nm-thick metal 
films were then evaporated through a shadow mask to define 0.22-mm2 cross-junction 
capacitors. For capacitors with graphene top electrode, a 2x10-mm2 graphene strip 
was transferred using polyisobutylene as SRL and decane as removal solvent. Top-
electrode contact pads of 15-nm-thick Cr and 20-nm-thick Ag were evaporated at both 
ends of the graphene strip. Breakdown current–voltage characteristics were measured 
using a semiconductor characterization system (Keithley4200). 
 
Fabrication of low-voltage organic FETs. Glass substrates were SC-1 cleaned as 
above and evaporated with a 7-nm-thick Cr adhesion layer and 30-nm-thick Au through 
a shadow mask to provide source–drain electrode pairs with 80-m channel length 
and 1.2-mm channel width. This was cleaned by oxygen-plasma as above, then 
silylated by hot hexamethyldisilazane vapor (120 ° C, hotplate; 10 min). A 35-nm-thick 
poly[2,5-bis(3-tetradecylthiophene-2-yl)thieno[3,2-b]thiophene-2,5-diyl] (C14-PBTTT; 
synthesized in-house) was then spin-cast from 14 mg mL–1 solution in a 1:3 v/v 
chlorobenzene: 1,2-dichlorobenzene mixture. The solution was heated to 85 ° C for 30 
min and cooled to room temperature for 20 min before spinning. The films were then 
annealed at 150 ° C for 10 min in the N2 glovebox. A 90-nm- thick Teflon®  AF2400 
dielectric layer was then spin-cast from a 10 mg mL–1 solution in 1, 1, 2, 3, 3, 3-
hexafluoroprop-1-ene (Galden HT-200; Ausimont), and annealed at 90 ºC for 5 min to 
remove residual solvent. Or a 190, 230, 280 and 470-nm-thick Cytop®  dielectric layer 
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was spin-cast from a (poly(4-trifluoroethenyloxyheptafluorobut-1-ene), (Type M, AGC 
Asahi Glass)/ SOL-180 (AGC Asahi Glass) with a volume ratio of 2/3, 1/1, 5/4 and 6/1 
respectively. The films were annealed at 90 ºC for 5 min to remove residual solvent. 
The graphene top-gate electrode was then transferred to the gate dielectric using 
polyisobutylene as SRL. This was removed by soaking in squalane followed by brief 
rinse in decane, to avoid delamination of the dielectric/ semiconductor interface. A gate 
contact pad of 15-nm-thick Cr adhesion layer and 20-nm-thick Ag was evaporated 
through a shadow mask at the edge of the graphene gate. The field-effect 
characteristics were measured using a semiconductor characterization system 
(Keithley 4200).  
 
 
3.3 Results and discussion 
 
3.3.1 Ultrathin film capacitors 
 
Figure 3.1a shows the test device structure. A 45-nm-thick Teflon®  AF film, which is a 
solution-processable polymer dielectric widely used in organic field-effect transistors 
and capacitors33, was used here as the test dielectric layer. This was spun-cast onto a 
pre-patterned bottom electrode made of Au with Cr as adhesion layer. Then a 
graphene monolayer was transferred to make the top electrode using PIB as release 
layer and decane as solvent. For comparison, top electrode films were also evaporated 





Figure 3.1b shows the current–voltage IV characteristics for a representative set of 
capacitors with graphene or with Au as top electrode, measured using an electric field 
ramp rate of 500 kV cm-1 s –1 at 298 K. This is a field-dependent dielectric breakdown 
test in which breakdown of the Teflon®  film is detected as a sudden increase of the 
injection current. A positive bias was applied to the bottom Au electrode, since 
dielectric breakdown in fluoropolymers arises from holes injection in 
fluoropolymers34,35. This test is therefore sensitive to “damage” of the dielectric layer 
due to deposition of the top electrode. We found that the capacitors with graphene 
electrodes show breakdown at a consistently higher electric field (7–8 MV cm–1) than 
those with evaporated Au electrodes (2–6 MV cm–1). The latter are characterized by 
soft breakdown, i.e., large IV instabilities, at relatively low fields. The device yield, i.e. 
the fraction of devices that are not shorted at the start of the test, is also considerably 
higher for the graphene electrodes (ca. 90 %) than for the evaporated Au electrodes 
(ca. 40 %). These suggest that the transferred graphene electrode is able to preserve 
the integrity of the dielectric film much better than the evaporated Au electrode, which 
is thought to penetrate into the sub-surface. 
 
The successful transfer of graphene onto ultrathin polymer dielectric films will provide a 
sensitive test for the suitability of the method for advanced applications in energy 
storage and miniaturized electronic devices. Also, both capacitors shown in Figure 
3.1b with ultrathin Teflon®  insulators exhibit nonlinear behavior but very little I–V curve 
asymmetry in the range of positive–to–negative potential. These I–V curves are nearly 
symmetric due to the dominated direct tunneling across the thin insulator at very low 
applied voltages.22 (Direct tunneling occurs through a trapezoidal barrier, in contrast to 





Figure 3.1 Dielectric breakdown characteristics of 45-nm-thick Teflon®  AF2400 ultrathin-film 
capacitors. (a) Device structure and chemical structure of Teflon®  AF2400 and CYTOP® . (b) 
Representative IV dielectric breakdown characteristics for evaporated gold or transferred 
graphene monolayer as top electrode, measured at a linear voltage ramp of 2 V s–1 at room 
temperature (22 ºC).  
 
Figure 3.2a shows the probability distribution histograms of the dielectric breakdown 
field Ebd. The Ebd is defined here as the electric field when the current density first 
crosses 5 µ A cm−2 in the ramp test37,38. For a positive polarity applied to the 
evaporated metal electrode, the Ebd distribution shifts to larger fields across the series: 
Au < Ag < Cr < Al. This trend is consistent with the decreasing effective WF of the 
metal39, which reduces holes injection into the polymer, and also with decreasing 
atomic weight of the metal, which reduces impact penetration. In all cases however, we 
observed a strong tailing towards low values. In contrast, capacitors with the graphene 
electrodes show a narrower Ebd distribution centered at 8 MV cm–1. These results 
demonstrate that our transfer method can produce viable thin-film capacitors with 
dielectric breakdown characteristics which are generally superior to the evaporated 
metal capacitors. On the other hand, graphene electrode is heating-free and radiation 











































of the top metal contacts. This is another reason for graphene’s better performance 
than metal. Similar results were also obtained with Cytop®  as the dielectric layer 
(Figure 3.2b). This method thus appears suitable to transfer graphene to fragile, 
ultrathin-film layers in general.  
 
Figure 3.2 Dielectric breakdown probability histograms plotted against electric field, for various 
top electrodes. (a) Teflon®  AF2400 and (b) CYTOP® . Sample size, 20 capacitors per type of 
electrode. No bias polarity dependence was found. Breakdown is deemed to have occurred 
when current first exceeds 10 nA during voltage ramp.  
 
 
3.3.2 Low-voltage organic FETs 
 
As a consequence, we can obtain low-operation-voltage organic FETs in the top-gate 
configuration, simply by down-scaling the polymer dielectric thickness (subject to 
scaling laws)40 and using graphene as the top-gate electrode. This approach 
overcomes the surface wettability challenge when conductive polymers are used as 
the gate electrode40. Figure 3.3a shows the structure of a low-voltage top-gate organic 
FET that we have fabricated. It comprises a Au bottom source–drain electrode pair, a 
35-nm-thick C14-PBTTT film as high-mobility polymer semiconductor41,42, a 90-nm-thick 
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Teflon®  AF film as gate dielectric, and a transferred graphene film as gate electrode. 
The device shows excellent output and transfer characteristics for sub-10-V gate (Vg) 
and drain (Vd) operation (Figure 3.3b). In the inset of Figure 3.3b, output characteristics 
of the FET with graphene gate electrode shows high contact resistance, which seems 
caused by the poor injection from the bottom electrodes to the polymer layers. The 
measured saturation field-effect mobility is ~ 0.1 cm2 V–1 s–1, which is typical for this 
semiconductor. This graphene top-gate is also transparent and electrochemically 
stable, which are promising characteristics for applications as phototransistors and 
sensors.  
 
Figure 3.3 Low-voltage organic field-effect transistors with sub-100-nm-thick polymer top 
dielectric gated by graphene. (a) Device structure and chemical structure of C14-PBTTT. (b) 




















































Gate: graphene; Source-drain: Au























Figure 3.4 Transfer characteristics of PBTTT bottom-contact top-gate field-effect transistor 
using different thickness CYTOP as gate dielectric and graphene as gate electrode. (a) 190-
nm CYTOP; (b) 230-nm CYTOP; (c) 280-nm CYTOP; (d) 470-nm CYTOP. 
 
Other than Teflon®  AF, another fluoropolymer has been tested in the graphene top-
gated FET as well. Figure 3.4 show the transfer characteristics of a graphene top-gate 
field-effect transistor of a highly-crystalline semiconducting polymer C14-PBTTT with a 
thickness ranging from 190 to 470 nm amorphous fluoropolymer CYTOP gate 
dielectric. We demonstrate here we can bring down the operation voltage to sub-30 V 
just by down-scaling a conventional gate dielectric polymer film to 200 nm thick. The 
extracted linear mobility is about 0.04-0.07 cm2 V-1 s-1. Although the CYTOP film cannot 
be scaled down to sub-100 nm scale, it is still lower than the typical thickness 
employed for CYTOP as gate dielectric 400 nm.43,44 This overcomes a major barrier to 
reducing operational voltages using solution-processable dielectrics. On the other 


















































































































































In summary, we have transferred graphene onto ultrathin polymer films without 
damaging either the graphene or the underlying target substrate. At the same time, the 
fabricated capacitors with graphene as top contact gate shows greater electrical 
breakdown strength than the evaporated metals due to the free of the metal migration 
as well as a more energy favorable interface. A graphene top-gated organic thin film 
FET is demonstrated as well with a sub-100 nm-thick polymer dielectric which can be 
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Chapter 4 An artificial graphite intercalation compound 
 
In this chapter, a chemical doping approach with different dopants has been adopted to 
tune the graphene electronic properties. A series of dopants including 2, 3, 5, 6-
tetrafluoro-7, 7, 8, 8- tetracyanoquinodimethane (F4-TCNQ), 7, 7, 8, 8- tetracyano-
quinodimethane (TCNQ), phenyl-C61-butyric acid methyl ester (PCBM) and a ‘fugitive’ 
oxidant, nitrosonium hexafluoroantimonate (NO+SbF6-) are exposed to the transferred 
chemical vapor deposited (CVD) graphene surface through solution contact or soaking 
doping. An efficient doping was achieved for F4-TCNQ and NO+SbF6 doped graphene. 
The work function (WF) of graphene increases by ca. 0.6 eV and ca. 0.4 eV from an 
initial value of 4.6 eV respectively. However, TCNQ and PCBM give weak doping and 
hence there is no observable change in work function of graphene. Moreover, artificial 
graphite intercalation compounds (GICs) with NO+SbF6- and F4-TCNQ were fabricated. 
Whereas the sheet resistance (Rs) of a 4 layer stacks graphene is 1400 Ω/□, for 8 
layers of bilayer of graphene and F4-TCNQ, its Rs decreases to 100 Ω/□. Furthermore 
4 layers of stacked graphene intercalated with F4-TCNQ and NO+SbF6- decreases the 
Rs to 1000 and 800 Ω/□ respectively but TCNQ only to 1600 Ω/□. Both GICs with 
NO+SbF6- and F4-TCNQ show well-defined structures with a high and remarkably 
stable hole conductivity when heated up to 150 ˚C and F4-TCNQ-doped GICs can even 






The distinguishable electronic properties of graphene make graphene one of the well-
studied 2D materials for the past decade. However, for many applications of graphene, 
further tuning its electronic band structure is necessary. Much effort has spent on this 
ever since graphene was ﬁrst isolated in 2004. For example, due to its low WF and 
conductivity, graphene cannot replace ITO as an anode in the organic light–emitting 
diodes (OLEDs) where the hole injection barrier is large between graphene and 
contact acceptor material. In order to tune the electronic structure of graphene, one 
common approach is through chemical doping which can be achieved by intercalation 
of chemicals into graphene layers and adsorption of chemicals to graphene surfaces. 
Compared to adsorption of chemical, it is very difficult to prepare graphene intercalated 
compounds with uniform interlayer structure in a traditional intercalation, which is 
accomplished by the diffusion of the intercalants. Harsh experimental conditions like 
high temperature, high pressure are usually needed for a more homogeneous insertion 
of the intercalants into graphite.1 However graphene intercalated compounds are much 
more stable in ambient due to protected inserted molecules by the topmost graphene 
layers. Hence intercalation is a more reliable way to dope graphene to prepare doped 
graphene with good stability. A more detailed background is discussed as below. 
 
Graphite is not a super-conducting material and it only has ~10-4 free carriers/ atom at 
room temperature which is very low. However, by intercalation with different chemical 
species of different concentrations, the free carrier concentration is tunable to different 
extends. In a consequent, it affects the electrical, thermal and magnetic properties of 
graphite. For example, super-conductivity in a potassium (K) intercalated graphite C8K 
117 
 
has been confirmed by both the magnetic susceptibility measurements2,3 and resistivity 
measurements3.  
 
The binding of intercalate layers to the adjacent graphite layers is through van der 
Waals force without forming chemical bonds. Hence, there are two pronounced effects 
on graphite: (a) due to the enlarged distance between adjacent graphite layers by 
inserting the intercalant, the adjacent graphene layer-layer electronic coupling is 
suppressed; and (b) due to their different electronegativity, the Fermi-level of graphite 
is shifted up and down by the transferring electrons or holes between graphite and 
intercalants. A stage index n representing the number of graphite layers between 
adjacent intercalate layers is used to classify GICs. The most intercalated GIC with the 
highest intercalant concentration will be a stage-I GIC where each intercalant layer is 
sandwiched by two graphene layers. The properties change most in the stage-I GIC as 
well. However, it is very challenging to prepare a well-defined stage-I GIC just by 
intercalants diffused in between graphene layers even by other external forces like 
high pressure. Variables such as the dopant chemical affinities, geometric, 
concentration affects the making of a uniform defined GIC. Hence, an alternative way 
of preparing stage-I GIC is needed.  
 
Over hundreds of reagents can be inserted to graphite, and among which alkali metals 
such as K, rubidium (Rb), Cesium (Cs) and lithium (Li) are the most studied donor 
intercalants and Lewis acids such as bromine (Br2), metal chlorides, acidic oxides such 
as dinitrogen pentoxide (N2O5) and sulphur trioxide (SO3), or strong Brö nsted acids 
such as sulfuric acid (H2SO4) and nitric acid (HNO3) are commonly studied acceptor 
intercalants.4 Due to the nature of easy oxidation of the donors and desorption of the 
118 
 
accepters, most of the GICs are not air stable except some relatively stable one with 
ion chloride (FeCl3) as intercalants.5 More air-stable intercalants are needed for future 
application. 
 
Raman spectroscopy is an effective tool to determine the intercalation stage index by 
identifying the component and structure of G peak of graphite in GICs.5-8 For example, 
the G peak position can blue shifted from 1580 cm−1 to around 1626 cm−1 for stage-I 
GIC and 1612 cm−1 for stage-II respectively by intercalation with FeCl3 to graphite.5,6 
This G phonon mode shifting can also be used as a tool to determine the doped 
charge carriers’ concentration.9 
 
Recent intercalations or doping with exfoliated few layer graphene (FLG) from HOPG10 
have been explored with FeCl3 and Br2 by the Raman spectroscopy to monitor the 
electronic structure.11-14 However, both theoretical and experimental study show that 
the lowest stage for Br2 intercalated FLG is stage-II due to the induced dipoles on the 
graphene.13,14 Although stage-I intercalated FeCl3 –FLG has been reported, the size 
and layers of graphene obtained in this exfoliation way is still uncontrollable and such a 
dependence limits the further applications.11,12 A more robust way to prepare a GIC 
with a large area is needed. 
 
With the success obtaining single layer graphene with large-size from CVD growth 
approach,15,16 layer-by-layer transferred graphene can be used to produce stage-I 
intercalated compound with Hydrochloric acid (HCl)17 or HNO318-20 or gold chloride 
(AuCl3)20. With this method, the sheet resistance of 4 layer graphene stacks 
intercalated with AuCl3 can be as low as 54 Ω/□ with a transmittance of 85 % at 550 
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nm while the starting single layer graphene is 725 Ω/□ with a transmittance of 97.6 % 
at 550 nm.20 This suggests that this approach is an effective way to tune the electronic 
property of graphene. However, the usage of strong acids is still not the an optimized 
way to dope graphene due to the instability, and at the same time the dopant may be 
lost during the stacking of intercalated graphene layers by PMMA carrier foil transfer 
method where exposing the GICs to the aqueous solution is needed. 
 
Another effective way to tune the electronic structure of graphene is by surface transfer 
doping with organic molecules. This approach relies on charge separation at interfaces 
with a nondestructive approach at the nanometer-scale. Those molecules can 
withdraw or donate electrons into graphene, effectively doping it to n- or p-type by 
shifting the Fermi-level up or down from the Dirac point, respectively. For example, 
conductivity changes after adsorption of molecules has been used in gas sensing 
applications.21  
 
Due to the fact that WF of in intrinsic graphene is 4.6 eV22,23, there are only a few 
effective p- or n- dopants with high enough lowest unoccupied molecular orbital 
(LUMO) or highest occupied molecular orbital (HOMO) to withdraw electrons or holes 
from graphene. The most common used p-dopants which have been explored in the 
literatures are shown in the Figure 4.1 with their respective HOMO or LUMO level. 2, 3, 
5, 6- Tetrafluoro-7, 7, 8, 8- tetracyanoquinodimethane (F4-TCNQ), an air-stable dopant 
with very high electron affinity (EA) of 5.2 eV is the well-studied onto p-doping epitaxial 
SiC grown graphene. Its ability to p-dope graphene and tune electronic band structure 
of graphene has been proved by angle resolved photoelectron spectroscopy (ARPES), 
as well as room temperature transport measurements.24,25 By controlling the thickness 
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of the F4-TCNQ, one can increase graphene WF by 1 eV with a 0.8 nm thick dopant 
layer.25 Recently, another p-dopant C60F48 with a EA of 5.28 eV also has been reported 
to increase control the carrier concentration in graphene and change the sign of the 
carriers from n-type to p-type with the epitaxial SiC graphene which is intrinsically n-
doped by the SiC substrate.26  
 
Although the surface doping is a much easier way to tune the electronic structure of 
graphene, usage of epitaxial graphene limits its further exploration with more stacked 
graphene layers which cannot make graphene a superconducting material in this way. 
Hence, a new way with combined features form the two doping approaches ,which is 
with the help of the new developed CVD graphene transfer method in Chapter 2, to 
prepare an artiﬁcial graphite intercalation compound (GIC) by stacking alternate 




Figure 4.1 Left: energy dispersion diagram of graphene with the work function of graphene is 
set to 4.6 eV. Right: Energy levels of typical electron accepting molecules. As can be seen, the 
LUMO of F4-TCNQ, C60F48 and TCNQ are below the Dirac point of graphene indicating their 
ability to p-dope graphene. Ref: WF of graphene; LUMO of F4-TCNQ, 7,7,8,8-
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4.2 Experimental methods 
 
Graphene transfer method. All graphene sheets used in this work were transferred 
from a commercially purchased chemical-vapor deposition (CVD) grown graphene on 
a 20-25-µ m-thick Cu foil (Source: Graphene Supermarket). The graphene transfer step 
is followed the method described in Chapter 2 with polystyrene (PS) or polyisobutylene 
(PIB) as self-lease layer (SRL) and anhydrous decane or anhydrous toluene as the 
release solvent. Before the transfer was carried out, the quality of the incoming CVD 
graphene source was checked using micro-Raman spectroscopic imaging to ensure 
that the defect density of the graphene source was low as poor quality graphene is 
expected to give a bad transfer. All graphene transfer is done in glovebox. 
 
P-doping of transferred CVD graphene. In this chapter, p-dopants including F4-
TCNQ, TCNQ, PCBM and NO+SbF6- whose chemical structures are shown in Figure 4.2 
are used to make the p-doped artificial graphite intercalation compound with the 
transferred CVD graphene. The four dopants are chosen due to their well-studied 
doping ability and common usage in the doping of semiconductors. 
 
Figure 4.2 Chemical structures of (a) F4-TCNQ, (b) TCNQ, (c) NO+SbF6- and (d) PCBM. 
 
In the p-doping chemistry of graphene with surface adsorption, air-stable organic 
molecules F4-TCNQ, TCNQ and PCBM form a charge depletion layer between dopant 

























without forming chemical bonds and further shifting down the Fermi level (EF) of 
graphene.  
 
In the doping of graphene with NO+SbF6-, this powerful one–electron oxidant can be 
reduced to by gaining one electron from graphene to form a ready removable gaseous 
by-product nitric oxide (NO). The positive charged graphene is then counter- balanced 
by the counterion of NO+ which is SbF6- , hexafluoroantimonate here. NO+SbF6- is 
extremely moisture sensitive. Therefore propylene carbonate (PC) (anhydrous, Sigma-
Aldrich) that is the solvent of NO+SbF6- is further dried to remove the residual water 
using molecular sieve and sodium. Firstly, 4 Å  molecular sieves (Sigma-Aldrich)) with a 
loading ratio of 20 % mass/ volume (m/ v) was added to PC for 48 hours to further 
lower the ppm levels of water amount. The pre-dried PC solvent was then transferred 
out to another capped bottle. Freshly prepared sodium is added for 24 hours to 
achieve sub-10 ppm water content in PC. The super-dried PC solvent is stored with the 
presence of 4 Å  molecular sieves in the N2 glove box (pO2, pH2O < 1 ppm). The whole 
process is operated inside N2 glove box. 
 
Figure 4.3 Schematic of the chemical doping procedure of (a) Soaking-doping process; (b) 
Contact-doping process 
 
A graphene monolayer was first transferred to a fused silica or SiO2/ Si substrate, then 





































assembled (in a N2 glovebox) onto the graphene by solution adsorption followed the 
schematic shown in Figure 4.3a and b for x min, and washed away by its solvent. Both 
0.6 mM F4-TCNQ and 1.2 mM TCNQ were prepared in 1:1 v/v anhydrous toluene 
(TOL): chlorobenzene (CB) and the solvent for washing is anhydrous CB. For PCBM, 5 
mM PCBM was prepared in anhydrous 1, 2- dichlorobenzene (DCB). For NO+SbF6-, 60 
mM NO+SbF6- was prepared in super-dried PC prepared in the way mentioned above 
and used immediately. Its solvent for the washing step is anhydrous nitromethane 
(NM). Figure 4.3 shows two possible ways to solution-dope graphene. In soaking-
doping (Figure 4.3a), the transferred graphene sample is doped by immersing in the 
dopant solution for x min and transferred out into a fresh solvent to remove excess 
dopant that may have precipitate on the surface. This was done 3 times. The wet 
surface of the wafer is blow-dried N2 flow. In the contact doping (Figure 4.3b), the 
transferred graphene sample on a 12 x12 mm2 substrate is placed on a spin-coater 
and 30-40 mL of dopant solution is deposited to cover the entire surface and sat for x 
min on the sample before spin-off at high speeds (6000 rpm) to obtain the dry doped 
graphene sample. Depends on dopants, a solvent washing step may be needed. In 
this chapter, F4-TCNQ and TCNQ doped graphene are prepared in the method 
described in Figure 4.3a, while NO+SbF6- adapts method in Figure 4.3b. All the 
processes are done in N2 glovebox. 
 
Fabrication of GIC. For the stacked GICs, another graphene monolayer was 
transferred onto the dopant monolayer graphene in the glovebox, another dopant 
monolayer assembled, and so on, to give assemblies that we designate substrate/ 
(graphene/ dopant) n–1/ graphene or substrate/ (graphene/ dopant) n, depending on the 
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last layer, where the layer number n is between 1 and 8. All the processes are done in 
N2 glovebox. 
 
Raman spectroscopy. GICs: 12 x12 mm2 Si wafers with 300-nm-thick SiO2 were 
cleaned by oxygen-plasma. A centimeter-size organic molecules- graphite intercalation 
compound was fabricated on this wafer. F4-TCNQ powder, 0.6 mM F4-TCNQ/ CB, and 
0.6 mM F4-TCNQ/ NM and graphene samples were encapsulated between two slides 
of micro glass slides in glovebox before running Raman measurement. Raman 
spectroscopy was typically performed in a Raman confocal microscopy (Renishaw In-
Via Raman 2000) using the point scan mode with 514-nm laser excitation wavelength, 
20-mW power, and 20-s exposure. 
 
Solid-state visible-infrared (Vis-IR) spectroscopy (UV-Vis-NIR): A 12x12 mm2 
spectrosil was cleaned by SC1 (H2O: NH4OH: H2O2 = 10:2:0.5 in volume). A 
centimeter-size organic molecules- graphite intercalation compound was fabricated on 
this wafer. The UV–Vis–NIR spectra were collected in the N2 glovebox using a 
Deuterium Tungsten deep well halogen light source (DH-2000; Ocean Optics) and 
diode-array spectrometer (S1024DW; Ocean Optics).  
 
Solution-state-titration visible-infrared spectroscopy (Vis-IR-NIR): A 0.380-mM F4-
TCNQ solution was prepared in anhydrous CB, tetrahydrofuran (THF), NM, and N, N-
dimethylformamide (DMF) respectively in a N2 glovebox. Its UV-Vis-NIR spectrum was 
measured in a 2.00-mm path length fused silica cuvette in air for F4-TCNQ/ CB solution 
and the rest solutions were measured in glovebox. To systematically characterize its 
mono- and di-anion states, 0.45 mM F4-TCNQ and 50 mM sodium naphthalenide 
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(NaNp) solutions were separately prepared in anhydrous THF that was rigorously dried 
by distillation over Na and kept with molecular sieves in the N2 glovebox. A 0.70 mL of 
the F4-TCNQ solution was placed in a 2.00-mm path length fused silica cuvette in the 
glovebox, and the Uv-Vis−NIR spectra recorded. Aliquots of the NaNp solution was 
then added 1.0 mL at a time, and the spectra recorded in situ after brief stirring Each 
Np− is a quantitative one-electron reductant that reduces one molecule of F4-TCNQ to 
the F4-TCNQ− ion. Similarly, in order to test the reliability of the titration method with 50 
mM NaNp solution, F4-TCNQ was also dissolved in another solvent system using 
anhydrous NM and to make a 0.3 mM concentration solution. The UV–Vis–NIR 
measurement was reproduced in the same way as the titration with 0.45 mM F4-TCNQ 
mentioned above. The UV–Vis–NIR spectra were collected in the N2 glovebox using a 
Deuterium Tungsten deep well halogen light source (DH-2000; Ocean Optics) and 
diode-array spectrometer (S1024DW; Ocean Optics).  
 
Dc electrical conductivity: 12 x12 mm2 Si wafers with 300-nm-thick SiO2 were 
cleaned by oxygen-plasma, with a pre- evaporated with a 7-nm-thick Cr adhesion layer 
and 30-nm-thick Au through a shadow mask. The electrode pairs channel lengths are 
42-mm and channel widths are 1.2-mm. A centimeter-size organic molecules- graphite 
intercalation compound was fabricated on this wafer. The dc electrical conductivity of 
the films was measured by a semiconductor characterization system (Keithley 
SCS4200) in a N2 glovebox during the growth process of building the GICs. 
 
X-ray photoelectron spectroscopy (XPS): XPS was performed on graphene films on 
300 nmSiO2/Si substrates in the ESCALAB MkII spectrometer to give the empirical 
formulae and chemical composition of these surfaces. The core level photoemission 
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was measured at a photoemission angle of  = 90º, using an X-ray source Mg K at 
1253.6 eV and detected using a hemispherical electron analyzer, with a resolution of 
50 meV. X-ray spectra of F (1s), N (1s), C (1s), O (1s), Sb (3/2d) as well as an overall 
wide survey spectrum were acquired for each of the two samples. The typical 
integrated time for each sample is 20-30 min. Constant pass energy of 20 eV for the 
core level spectra and 50 eV for the survey spectra was applied to the analyzer for the 
emitted electrons. The core level spectra were processed by linear background 
subtraction. The photoelectron inelastic mean free path (o) in the sample determines 
the information depth interrogated by the technique. This mean free path value 
depends on the photoelectron kinetic energy, which differs across the binding energy 
spectrum. However, for the atomic states studied in this work, the variation is small and 
can be approximated to be nearly constant at 25 Å . At  = 90o, the photoemission 
depth is therefore 25 Å  and the information depth is taken to be 3o (i.e. 75 Å ). 
 
A 9x9 mm2 300 nm SiO2/ Si wafer was cleaned by oxygen plasma. A centimeter-size 
organic molecules- graphite intercalation compound was fabricated on this wafer. The 
substrate was mounted to a metal stub and the edge of the graphene was connected 
to the stub by a conductive tape (3M™ XYZ-Axis Electrically Conductive Tape 9712). 
The sample was prepared in glove box and transferred to the XPS chamber in a N2 
environment to avoid exposure to the ambient environment. Both XPS and UPS 
spectra were collected for the same sample. 
 
Selected core-level spectra were processed by linear background subtraction and the 
binding energies of the components were separately established from the independent 
measurements. To determine the atomic stoichiometry, the integrated intensities were 
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correct with empirical atomic sensitivity factors which take into account the atomic 
photo-ionization cross-section, electron inelastic mean free path, and the spectrometer 
transmission function. The quantification error is expected to be ± 10% from systematic 
effects. 
 
To obtain the coverage of the dopants on each layer of doped graphene, ratios 
between the experimental element area concentrations to the theoretical value of a 
dense-packed monolayer of the dopant on top of graphene was calculated. In the 
dense-packed monolayer graphene, we considered the interactions like static repulsion 
between dopants as well as the dopants are lay down flatly on the graphene surface. 
The equation shown below with the consideration of the attenuation of the X-ray 
photons is used to calculate the experimental area concentration for each element. 
The structure of the doped GIC is (G/ D)nG, where index n is the number of dopant 







(1): x is the element in dopant; C is the carbon atom in the whole GIC from both graphene and 
the dopant material. 
(2) n () is the numbers of the element. 
(3) I () is the x-ray photoemission intensity detected by the XPS for the element. 
(4) Nos () is the number of scan of the element in the XPS scan. 
(5) f () is the atomic sensitivity factors (ASF) for the element. 
(6) is the area density of the dopant element of the experimental value.  




















































































)/exp(  is the attenuation factor of element carbon in the dopant. 
Where d is the interlayer distance between graphene and the thickness of a monolayer dopant 
is used in this thesis. (F4-TCNQ and TCNQ are 0.4 nm thick and SbF6- is 0.67 nm in diameter. 
The thickness of graphene is negligible. Zimfp is the inelastic mean free path of the XPS 
machine is 2.5 nm. 
 
Ultraviolet photoelectron spectroscopy (UPS). UPS measurements were performed 
in an ESCALAB MkII spectrometer at a base pressure of less than 10-9 mbar. The 
samples were transferred to the ultra-high vacuum (UHV) chamber with minimal 
exposure to surface contaminants and shielded from light. The WF of the various 
surfaces was measured using a He-I discharge lamp as a primary photon source with 
photon energy of 21.21 eV. At this photon energy, only the valence states of the atom 
will be excited. Photoelectrons with binding energy lower than the incoming radiation 
will be excited to vacuum level. The photoemission intensity (in electron counts) over 
the kinetic energy range of 7-30 eV will be obtained from each measurement for 
extraction of the material WF.  
 
Thin film X-ray Diffraction (XRD). A 300-nm-thick SiO2/ Si was cleaned by oxygen-
plasma treatment. A 0.8 x 2.3-cm (G/ F4-TCNQ)9/ G graphite intercalated compound 
(GIC) was fabricated on this wafer as described in the text. A graphene monolayer was 
first transferred using a 1.1-mm-thick PIB (Mw 745k) film as SRL and decane as 
solvent, in an N2 glovebox. Then F4-TCNQ was self-assembled onto this surface from 
solution (0.6 mM in 1:1 v/v anhydrous TOL: CB; 15 min) in the glovebox. The excess 
solution was removed by dip-wash in CB (5 sec) followed by N2 blow-off. Then a 
graphene monolayer was transferred and the steps repeated to fabricate (G/ F4-
TCNQ)9/G. The sample was then mounted in a Bruker-AXS D8 ADVANCE Powder X-
ray diffractometer with the CuK X-ray beam footprint wholly within the sample (= 
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1.542 Å ). A −2 X-ray diffraction scan was recorded for scattering vector parallel to 
film normal.  
 
 
4.3 Results and discussion  
 
4.3.1 Optimization of the doping process of p-doped graphene 
 
 
Figure 4.4 (a) Evolution of sheet resistance change for single layer graphene after different 
doping time for dopant F4-TCNQ with a device structure Si/ 300nm-SiO2/ Au/ graphene/ 
dopant. Doping time of 30 min, 60 min, and 120 min were measured. (b). an artificial F4-TCNQ 
graphite intercalation compound. C1s and N1s core-level X-ray photoemission spectra of 
transferred graphene (G) monolayer before and after F4-TCNQ monolayer self-assembly from 
solution, measured on a native-oxide Si wafer. The data were background corrected and 
normalized by the number of scans.  
 
Both F4-TCNQ and NO+SbF6- are strong p-dopants is successfully doped, it can 
decrease the sheet resistance of graphene. Hence, conductivity measurement was 
used as an easy way to determine required doping time. Figure 4.4a shows Rs of the 
F4-TCNQ doped graphene as a function of time. The Rs decreases in the first 30 min 
and saturated after 30 min until 2 hours. To confirm monolayer coverage of the dopant 
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spectroscopy on a doped graphene (Figure 4.4b). This sample was doped for a 1 hour 
with F4-TCNQ. Upon F4-TCNQ adsorption, an N1s photoemission occurs at 399.6 eV, 
which corresponds to C≡N of the F4-TCNQ. Two new C1s shoulders also emerge at 
286.9 and 288.3 eV, which correspond to C≡N and C–F respectively of the F4-TCNQ. 
Quantitative analysis of their intensities gives an F4-TCNQ coverage of ca. 9 x 1013 
cm–2, which corresponds to a dense monolayer. 
 
Compared to 30 min doping time needed for the monolayer F4-TCNQ coverage on 
graphene, it only needs 5 min to dope graphene with NO+SbF6- as indicated by its 
saturated Rs (Figure 4.5a).This can be explained by the deeper LUMO of NO+SbF6- 
(EA: 5.34 eV) than the F4-TCNQ (EA: 5.2 eV). Furthermore the size of the NO+SbF6- is 
also smaller which makes it access the surface of graphene. It also be noted that Rs 
drops to 0.6 times of the pristine graphene value with NO+SbF6- while it drops to 0.5 
with F4-TCNQ. The result shows contradictory to the doping strength of the two 
dopants and it can be explained by the over-washing at the solvent washing step. And 
this was confirmed by C1s and Sb3d3/2 core-level X-ray photoemission spectroscopy 
(Figure 4.5b)  
 
Figure 4.5 (a) Evolution of sheet resistance change for single layer graphene after different 






















































Doping time of 1 min, 5 min and 15 min were measured. (b) Solvent washing effect on the 
artiﬁcial NO+SbF6- graphite intercalation compound. C1s and Sb3d3/2 core-level X-ray 
photoemission spectra of 300 nm SiO2/Si graphene/dopant/graphene with NM spin-washing 3 
times after doping (black dot curve) and without washing (red dot curve). The data were 
background-corrected and normalized by number of scans. 
 
As shown in the Figure 4.5b, processed C1s and Sb3d3/2 core- level spectra of 
graphene/ NO+SbF6- / graphene (NO+SbF6- - GDG) with anhydrous NM spin-washing 3 
times after doping (black dot curve) and without washing (red dot curve) were 
measured on 300 nm SiO2/ Si substrate. From the binding energy of C1s component at 
284.5 eV, we can tell the graphene is conducting enough and there is no charging 
effect in this measurement to cause any peak shifting. The atomic stoichiometries of 
NO+SbF6--GDG with washing and without washing steps are C2Sb0.00124 and C2Sb0.048. 
Therefore, the washing step washes away around 98 % of the dopant layer absorbed 
on the NO+SbF6--GDG. This confirmed washing step removes the dopant. This 
probably due to the counterion SbF6- is destroyed by the solvent impurities in the 
acetonitrile and positive charged graphene gain electron back. Further quantitative 
analysis of unwashed sample’s intensities gives an SbF6- coverage of ca. 1.9 x 1014 
cm–2, which corresponds to an 80 % monolayer coverage. 
 
Figure 4.6 shows an example of a linear background subtracted C1s, Sb3d3/2, F1s and 
N1s core-level X-ray photoemission spectra of (Graphene/ NO+SbF6-)n/ Graphene ((G/ 
NO+)nG) films fabricated on 300 nm SiO2/ Si without solvent washing after the doping. 
The spectra show the incorporation of SbF6- dopant counter-anions into graphene film 
as it is doped by contact with SbF6- solution. The binding energy of C1s, Sb3d3/2, and F1s 
core-levels are around 284.5 eV, 542.7 eV and 658. 6 eV which suggests there is no 
conducting charge issue in the sample and the presence of the SbF6- ion. The 
graphene is successfully doped to positive charged structure. With the layers of 
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graphene increases, the C1s, Sb3d3/2, and F1s peaks’ position is slightly downshifted, 
especially in the (G/ NO+)3G where a downshift by 0.3 eV is observed. This may be 
caused by the progressively increased conductivity of (G/ NO+)nG as the n increases. 
Meanwhile, the component of N1s is barely observed in the compounds which prove 
the electron transferring from graphene to NO+. The gained electron make NO+ ion 
reduced to NO gas which is why there is no N1s present in the doped graphene. 
Quantitative analysis of the atomic stoichiometric components of the doped GIC is 
shown in the inset of Figure 4.6 and the approximate 1:6 ratio of Sb and F indicates the 
presence of SbF6- as well. Further analysis of the ratio of SbF6- to C in the graphene 
layer reveals that the doping level of each graphene layer is around 0.1 hole per 
benzene ring where the coverage of the SbF6- on the graphene layer is 80 % of a 
dense-packed monolayer in the G/ NO+/ G sample. The coverage for the (G/ NO+)2G is 
around 35 % and 45 %. The less than one monolayer coverage may be due to the de-
doping in the solvent washing in the graphene transferring step and washing step after 
doping is proved in the earlier session to almost 100 % de-doped graphene/ NO+ by 
XPS analysis. However, with the top graphene capped layer, the dopant is protected 
without direct exposure to the solvents. This partially de-doped phenomenon in 
graphene capped layer shows the potential of using graphene as barrier and inert 






Figure 4.6 Artiﬁcial NO+SbF6- graphite intercalation compound. C1s, Sb3d3/2, F1s and N1s core-
level X-ray photoemission spectra of 300 nm SiO2/ Si/ (Graphene/ NO+)nGraphene (G/ NO+)nG, 
n=1-3; without washing. The data were background-corrected and normalized by number of 
scans.  
 
Figure 4.7a shows C1s and O1s core-level X-ray photoemission spectra of a pristine 
graphene and its PCBM doped layer on 300 nm SiO2/ Si. With the absorption of 
PCBM, C1s spectrum shows no change while the O1s only has a little shoulder 
showing up at 534 eV which corresponds to the O in butyric acid methyl ester. 
However, due to the overwhelming O1s intensity from the SiO2/ Si substrate, it is 
impossible to determine the PCBM concentration by XPS. Hence, we use the UV-Vis-
Nir spectra to determine the PCBM thickness since its spectrum is well-known. Figure 
4.7b shows the absorption spectra of graphene as well as its subsequently PCBM 
doped layer on a glass substrate. The graphene layer gives an absorbance around 
0.008 at 550 nm and it is same as the reported value. Then a PCBM layer is deposited 
through the solution doping method and the transmittance at 550 nm increases by ca. 
0.008. Use the reference absorbance of a 30-nm-thcik PCBM shown in inset, we can 
conclude that the thickness of PCBM on top of graphene is around 5 nm. This 
indicates the surface interaction between graphene and PCBM is strong and cannot be 
washed away during the solvent washing step. 
 





































Figure 4.7 (a) C1s and O1s core-level X-ray photoemission spectra of 300 nm SiO2/ Si/ 
Graphene/ PCBMn G/ PCBMn, n= 0-1; the data were background-corrected and normalized by 
number of scans. UV-Vis–Nir of spectrum (b) PCBM doped graphene and graphene films 
deposited on glass substrate where glass is as reference, and inset: a 30-nm-thick PCBM film 
on glass. The green line points out the position of 550 nm and arrows points out the 
absorbance on the spectra. 
 
 
4.3.2 Optical spectroscopic characterization of the mono- and di-anion states of 
F4-TCNQ 
 
In this session, we intend to measure out the optical spectra of the anion states of F4-
TCNQ which is not reported by literatures up to date, although F4-TCNQ is well known 
to act as p-dopant (i.e., electron acceptor) to a variety of materials including graphene. 
We aim to obtain this results which can provide a simple means to distinguish between 
complete and partial charge transfer to F4-TCNQ in its interaction with graphene and 
other materials. Here, by quantitative electron transfer from sodium naphthalenide in a 
titration method, the solution-state spectra of F4-TCNQ− and F4-TCNQ2- was 
systematically generated. We also report the spectra of F4-TCNQ in various solvents to 
provide evidence of an apparent non-ionic charge-transfer state.  
 
Figure 4.8a shows solution-state UV-Vis-NIR spectroscopy of F4-TCNQ dissolved in 
four different solvents including CB, THF, NM and DMF. When F4-TCNQ is dissolved 












































































in CB, the spectrum shows a single peak at 3.19 eV, attributed to −* transition, with 
peak molar absorptivity  = 36 x 103 M−1 cm−1. After exposing the solution to air, it is 
stable indefinitely with no further change in the spectrum. 
 
As shown in Figure 4.8a, for the rest solvents however, a characteristic set of bands 
emerge at 1.44, 1.64 and 1.83 eV in the subgap region. These form a vibronic 
progression (dominant spacing, 0.20 eV) that was previously observed in F4-TCNQ 
added to a single-sheet dispersion of sub-oxidized graphene oxide in CB, and 
assigned to the mono-anion (F4-TCNQ−) by analogy with that of TCNQ29. This 
assignment has now been confirmed here (vide infra).  
 
Figure 4.8 Solution-state UV-Vis-NIR spectroscopy of F4-TCNQ and its anions. (a) 
Absorption spectra of F4-TCNQ measured in various solvents CB, THF, NM and DMF. Typical 
concentration, 0.2−0.5 mM. The spectrum in CB and DMF were measured in air, the others in 
N2. Adventitious reduction of F4-TCNQ was observed in THF, NM and DMF solvents. (b) Air 
stability of F4-TCNQ− in DMF over time. (c) and (d) Stability of F4-TCNQ− in THF over time 


































































































































































F4-TCNQ− occurs to only a small extent in THF and NM, but more strongly in DMF. 
Therefore adventitious reduction of F4-TCNQ occurs in these solvents, perhaps due to 
interaction with moisture or other protonic impurities. Figure 4.8 b-c shows the stability 
of the F4-TCNQ− in different solvent. For THF, the dominant state of F4-TCNQ is the 
neutral one. Its −* transition downshifts slightly to 3.13 eV after with  = 38 x 103 M−1 
cm−1. However for DMF, this downshifts strongly to 2.59 eV. Figure 4.8b shows the 
spectrum evolution of F4-TCNQ in DMF over time after exposure time. As can be seen 
that, the three bands’ intensity of F4-TCNQ- decreased after air exposure and its −* 
transition downshifts from 2.97 eV to 2.59 eV. The spectrum in DMF is stable in air for 
several hours, beyond which reduction occurs. Figure 4.8c indicates the spectrum of 
F4-TCNQ is stable in THF in N2 for several hours as no obvious changes in the 
spectrum are observed. Then the solution is exposed to air, transformations of from F4-
TCNQ to F4-TCNQ- happened gradually with the increased vibronic peaks’ intensity as 
well as the downshifted −* mode within the first 23 hours exposure. After which 
−* mode completely shifted to 2.6 eV with a new emerged peak at 1.92eV and 




Figure 4.9 Spectral evolution of F4-TCNQ solution reduced using known aliquots of sodium 
naphthalenide in N2: 50 mM NaNp/ THF was added gradually to 0.45 mM F4-TCNQ/ THF with 
(a) 0.0 to 1.0 equivalent, and (b) 1.0 to 2.0 equivalents. And 50 mM NaNp/ THF was added 
gradually to 0.3 mM F4-TCNQ/ NM with (c) 0.0 to 1.0 equivalent, and (d) 1.0 to 6.44 
equivalents  
 
Figure 4.9a and b record the spectral evolution of 0.45 mM of F4-TCNQ in THF 
reduced using known aliquots of sodium naphthalenide in N2 with a 0.0 to 1.0 and to 
2.0 equivalents. As shown in Figure 4.9a, the vibronic progression at 1.44, 1.64 and 
1.84 eV increased proportionally in intensity after Np− was added, but the position of 
the 3.13-eV band remains relatively constant. A small amount of F4-TCNQ− was 
already present in the solution (0.05 equivalents) as noted above. The absorption of 
these bands reaches the maximum intensity when 1.05 equivalents of Np− was added 
(6.65 mL), with  = 26 x 103 M−1 cm−1 at peak absorption of 1.44 eV. This systematic 
and quantitative transformation confirms it is the F4-TCNQ− ion. No other states were 
present to any significant extent. The F4-TCNQ− anion is stable indefinitely in THF in 































































































Upon further addition of Np−, the F4-TCNQ− spectrum progressively decreases in 
intensity and the −* transition at 3.13 eV progressively bleaches (Figure 4.9b). After 
addition of 2.0 equiv. of Np−, both the 1.44−1.83-eV and the −* features of F4-
TCNQ− are completely bleached out, and replaced by a broad band at ca. 2.5 eV. 
 
Similarly F4-TCNQ/NM system is tested with the titration with NaNp to determine the 
of F4-TCNQ- by recording the evolution of the charger transfer between NaNp and F4-
TCNQ. Figure 4.9c and d record the spectral evolution of 0.3 mM of F4-TCNQ in NM 
reduced using known aliquots of sodium naphthalenide in N2 with a 0.0 to 1.0 and to 
6.44 equivalents. This systematic and quantitative transformation confirms it is the F4-
TCNQ− ion. The absorption of the vibronic bands reaches the maximum intensity when 
2.15 equivalent of Np− was added (9 mL), with  = 17.5 x 103 M−1 cm−1 at peak 
absorption of 1.46 eV. The three vibronic bands need 6.44 equivalent of NaNp to be 
bleached out completely to be replaced by a broad band at ca. 2.6 eV. The F4-TCNQ/ 
NM system consumes more NaNp than the theoretical value to reach the highest 
transformation level with F4-TCNQ- and bleaching out point. The offset between the 
experimental and theoretical value can be explained by the degraded NaNp solution. 
Since NaNp was prepared and used first for the titration in the F4-TCNQ/ THF system 
while the titration with F4-TCNQ/ NM was done on the next day. 
 
Finally we note that the spectrum 1.44−1.83-eV spectrum of the F4-TCNQ− is 
practically independent of solvent over a wide dielectric constant range (THF, NM and 
DMF) and concentration (0.05−0.5 mM). In contrast, the −* band F4-TCNQ shows a 
strong sensitivity to solvent. In particular, the spectrum in DMF is significantly red-
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shifted. This suggests the formation of a charge-transfer complex between F4-TCNQ 
and the DMF for those molecules that are not in the anion form. 
 
 
4.3.3 Spectroscopic characterization of p-doped F4-TCNQ- GICs 
 
GIC was fabricated by simply repeating the stacking of graphene doping process. The 
alternated stacked structure makes graphene an “artificial” stage-I GIC.  
 
Figure 4.10a shows transmission UV–Vis–NIR spectroscopy of this (graphene/ F4-
TCNQ) compound along its layer-by-layer building process. It has an absorption band 
centered at 470 nm due to the intercalated F4-TCNQ acting as p-dopant. In contrast, 
non-interacting F4-TCNQ molecules absorb at 389 nm. The absorption intensities of 
both graphene and F4-TCNQ increase linearly with n as expected (Figure 4.10b). The 
absorbance of graphene is 0.0104 per layer at 650 nm, which corresponds to the 
expected 97.6% transmittance per layer. The absorbance of F4-TCNQ is 0.0061 per 
layer at 475 nm, which gives a dense-packed monolayer of 9 x 1013 cm–2 calculated 





Figure 4. 10 An artificial graphene–F4-TCNQ graphite intercalation compound. (a) UV-Vis-NIR 
spectra of (G/ F4-TCNQ) n–1 G (solid lines) and (G/ F4-TCNQ) n (dotted lines) fabricated layer-
by-layer for n = 1→8. (b): Linear growth of both the G and F4-TCNQ– anion absorption spectra, 
measured at 650-nm and 465-nm wavelength respectively.  
 
From the UV-Vis results, we can calculate out the doping level of the graphene 
materials in this material and it was 0.15 hole per F4-TCNQ. We can rule out full 
charge transfer readily because the intercalated F4-TCNQ is not in the mono-anion 
state. The characteristic vibronic progression of the F4-TCNQ mono-anion which gives 
arise to three peaks 859, 758 and 679 nm as shown in Figure 4.10a and b is absent 
here, in contrast to the case of doped graphenes.29 
 
Figure 4.11 a and b show Raman spectra of non-interacting neutral F4-TCNQ 
molecules in CB (orange sticks), and F4-TCNQ− anions in acetonitrile. In the natural F4- 
TCNQ molecules, there are only three peaks 1444, 1655 and 2219 cm-1 and the red 
peaks marked with red line are solvent peaks. The 1655 cm-1 is corresponding to the 
C=C ring stretching while 1444 cm-1 is corresponding to the C=C external stretching in 
a neutral F4-TCNQ compound. The 2219 cm-1 is assigned to the CN stretching. In 
comparison, there are additional peaks for charged F4-TCNQ− anions in NM which can 
be used to identify the charge balance of the F4-TCNQ in the F4-TCNQ –GIC. The 




































transfer interaction between F4-TCNQ and NM shifts the C=C ring stretching and C=C 
external stretching of neutral F4-TCNQ to 1614 and 1390 cm-1. Raman spectra were 
also collated on the F4-TCNQ-GIC as well as the multiple graphene layers as shown in 
Figure 4.10c. We can see that the G phonon shifted 1582 cm–1 in an undoped 
graphene monolayer to 1600 cm–1 in this material, from which we can determine the 
fraction of hole transfer as the average doping level of the graphene layers was first 
evaluated from the frequency shift of their G phonon mode.1,9 The changes in the G 
phonon mode suggests a doping level of 1.3 x 1013 hole cm−2 in the graphene layers, 
or equivalently 0.0035 hole per graphene carbon atom. Taking into account the 
molecular density of the F4-TCNQ layer, each F4-TCNQ molecule thus provides 0.15 
hole to the graphene. This conclusion is qualitatively consistent with Raman 
spectroscopy in which shows F4-TCNQ modes in the GIC at 2231, 1644, 1614, 1390, 
1211 and 1103 cm–1, different from those of the non-interacting neutral state (Figure 
4.11a), or the mono-anion state measured in Ref.25 
 
Figure 4.11 Raman spectra of dopant and GIC sample. The Raman spectra (a) of non-
interacting neutral F4-TCNQ molecules in CB; (b) F4-TCNQ− anions in NM. The red lines are 
the solvent peaks. (c) Raman spectra of layer-by-layer restacked G13 and (G/ F4-TCNQ)8 G 
films, excited at 514 nm by the back-scatter configuration. Stick diagrams show the Raman 
(b)
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4.3.4 Dc electrical conductivity of the GICs  
 
The dc conductivity is measured for the GICs doped with three dopants F4-TCNQ, 
TCNQ and NO+SbF6- and the results are shown in Figure 4.12 a and b. As seen from 
Figure 4.12a and b, the dc sheet resistance Rs of a transferred graphene monolayer 
that is not intentionally doped is typically 4-5 kΩ sq–1. The Rs of the (graphene/dopant) 
n/graphene stack is significantly lower than that without F4-TCNQ, for the same n. The 
in-plane d.c. conductivity (σdc) of (graphene/ F4-TCNQ)n levels off at 3 x 104 S cm–1 
beyond n = 3, to give an effective conductivity of 2 x 10–3 S per graphene layer. This 
value is only one order of magnitude lower than the predicted phonon-limited value of 3 
x 10–2 S per graphene layer1,30. This is caused by the low carrier density here, which is 
only one order of magnitude above the intrinsic value of few 10–4 per carbon in 
graphite43, and two orders of magnitude below those which are typically obtained by 
doping graphite36 or few-layer graphenes31 with strong acceptors in a harsh process. 
However the carrier mobility here (1,200 cm2 V–1 s–1) is one order of magnitude larger 
than those in the conventional heavily doped GICs. This suggests that artificial GICs 
with π-electron acceptors may exhibit low Coulomb scattering that could be interesting 
for studying photon-limited conductivity in graphene and related heterocompounds. 
Similarly, (G/ NO+SbF6-)2/ G gives Rs of beyond 800 Ω/□ with n = 3 which is half of the 
Rs of TCNQ as the dopant in the Figure 4.12a. Compared to F4-TCNQ and NO+SbF6-, 




Figure 4.12 (a) Sheet resistance of G/ F4-TCNQ multilayers (red symbols), compared with re-
stacked graphene (green symbols), plotted against the layer number n (b) Sheet resistance of 
(G/D)nG multilayers (D=TCNQ in blue symbols; D= NO+SbF6- in green symbols), compared 
with re-stacked graphene (green symbols), plotted against the layer number n. Curves are 
provided as guide-to-the-eye.  
 
 
4.3.5 Stability of the p-doped GICs 
 
Figure 4.13a shows dc conductivity of (G/ F4-TCNQ) 3 as function of different heating 
temperature measured in the glovebox. In this experiment, we observed the followings. 
Firstly, no change in conductivity (within experimental error) was observed after one 
year of storage under ambient conditions. Second, only a factor of two loss in dc was 
measured after heat treatment at 175 oC .The dc after heating at 175 oC for 15 min is 
1 ×  104 S cm-1, which is still a factor of three and one order of magnitude higher than 
indium tin oxide (ITO) and a graphite basal plane, respectively). Finally, no change in 
conductivity (within experimental error) was observed after heating at 100 % humidity 





















































































Figure 4.13 (a) Dependence of dc conductivity of (G/F4-TCNQ) 3 on heat treatment 
temperature. (b) Enhanced thermal stability of F4-TCNQ-doped graphene by encapsulating 
with a graphene monolayer. The sample was held for 15 min at each temperature step in a N2 
glovebox with pO2, pH2O < 1 ppm. Curves are provided as guide-to-the-eye. 
 
As shown in Figure 4.13b, σdc of graphene/ F4-TCNQ/ graphene drops to 80 %, 
whereas that of graphene/F4-TCNQ drops to 20 % of the original value after heated up 
to 225 ° C. These samples appear to be even more stable when heated in the ambient. 
We note that the transmittance of this GIC drops to 85 % at n = 4, at which Rs ≈ 100 Ω 
sq–1, a value similar to what has been reported recently in multilayer graphenes doped 
with volatile acids or Au(III) compounds17,32,33. However, it exhibits a significantly 
higher stability. This remarkable stability may be attributed to the hydrophobic 
character of the intercalant, the low density of carriers, and the surface-capping by 
graphene which retards the desorption of F4-TCNQ that is known to occur above 
75° C.39 
 
Left panel in Figure 4.14 shows sheet resistance changes of air sensitive NO+SbF6- 
doped graphene and NO+SbF6- doped graphene with a top-capped graphene as 
function of different heating temperature measured in the glovebox. The extreme 
instability of the G/NO+SbF6- was observed in the experiment and the Rs increases to 4 
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again under heating and drops 2 times of the pristine value of freshly doped graphene. 
The G/ NO+SbF6-/ G is stable up to 120 ° C heating and the Rs increases to 1.2 Rs(T0) 
after heating at 150 ° C . Unfortunately, both G/ NO+SbF6- and G/ NO+SbF6-/ G are not 
stable in the air and the Rs changes again even under room temperature for just 1 hour 
with relative humidity of 56 %. At even more extreme condition of 80 C at 100 % 
relative humidity, Rs increases in G/ NO+SbF6-/ G and decreases in G/ NO+SbF6-. This 
result is as expected since the NO+SbF6- is a very air sensitive material and reacts with 
water to release NO2 and the mobile counterion SbF6- in the doped GIC makes it easily 
de-dope as well.  
 
Figure 4.14 Left panel: The sample was held for 15 min at each temperature step in a N2 
glovebox with pO2, pH2O < 1 ppm. Enhanced thermal stability of NO+SbF6- -doped graphene 
by encapsulating with a graphene monolayer. Right panel: Air and humidity sensitivity of the 
two same samples. Curves are provided as guide-to-the-eye. 
 
 
4.3.6 Dependence of work function of GIC on dopants 
 
Figure 4.15a shows a typical UPS spectrum of one and three layers of graphene 
transferred onto 300 nm SiO2/ Si as well as the two layers of graphene intercalated 
with F4-TCNQ and NO+SbF6- and their respective WF are 4.57, 4.54, 4.92 and 5.1 eV. 




























From the result of sharing the similar WF in 1 layer graphene and 3 layers graphene, 
we can know the experimental error for his experiments is very low and is smaller than 
± 0.03 eV. Since the graphene WF is independent of the number of graphene layers. 
WF of GIC doped with F4-TCNQ increases by ca. 0.35 eV while it is ca. 0.55 eV for 
NO+SbF6- . The result explains the much stronger p-dopant strength than the F4-TCNQ 
experimentally.  
 
Figure 4.15 (a) UPS spectra of the single layer graphene, 3 layer graphene , G/ F4-TCNQ/ G 
and G/ NO+SbF6- films fabricated on 300 nm SiO2/ Si plotted against binding energy measured 
from the vacuum level. Inset: valence band region, with offset for clarity and EF as indicated. 
(b) WF vs. different layers of graphene with or without the intercalants in-between. Red dots 
are graphene, blue dots are F4-TCNQ intercalated GIC with washing, blue squares are F4-
TCNQ intercalated GIC without washing, green dots are TCNQ intercalated GIC with washing, 
purple dots are NO+SbF6- intercalated GIC with washing and purple squares are NO+SbF6- 
intercalated GIC without washing. Purple dots are PCBM intercalated GIC with washing 
.Curves are provided as guide-to-the-eye. 
 
GICs with different number of graphene layers were built, and their WF were further 
studied and summarized in Figure 4.15b. For the NO+SbF6- doped GICs without 
washing step, WF is 5.1, 5.03 and 5.06 eV respectively. There is no obvious WF 
dependence on the layers of the intercalated graphene. The effect of solvent washing 
after doping step is investigated by UPS measurements as well. There is a negative 
shift of the WF for washed GICs after doping in both NO+SbF6- and F4-TCNQ as 
indicated by the arrow in Figure 4.13b. There is more significant drop in NO+SbF6- than 
using F4-TCNQ. Compared to the washed F4-TCNQ-GIC, the washed TCNQ-GIC 
Grpahene
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shows a lower WF by ca. 0.1 eV and it only increases graphene WF by less than 0.1 
eV. Surprisingly, PCBM doped GIC with a constant WF 4.57 eV which is the same as 
WF of pristine graphene and the graphene is not doped at all. The results are as 
expected due to the low EA of the PCBM (3.9 eV) which cannot withdraw electron from 
graphene.  
 
By employing different dopants together with the washing effect, we can tune the 
graphene WF from 0.1 to 0.6 eV and this method is more convenient and faster than 
the commonly used thermal evaporation for deposition of small organic molecules to 




4.3.7 Lattice spacing of artificial graphite intercalation compound G/ F4-TCNQ 
 
As shown in Figure 4.16 of X-ray diffraction of the F4-TCNQ-GIC, only a single Bragg 
reflection was observed at 7.6 Ǻ (2 = 11.6° ). This corresponds to the interplanar d 
spacing of the GIC. No reflection appears at the graphite interplanar spacing (3.35 Å ). 
The measured d spacing is compatible with the insertion of a monolayer of F4-TCNQ 
molecules. The thickness of the F4-TCNQ is expected to be ca. 3.6 Å , which gives an 
expected interplanar spacing of 7.0 Å . The additional 0.6 Å  may be related to ripples 
present in the graphene monolayers. There is evidence of this from the width of the X-






D , where  is the full-
width-at-half-maximum of the reflection (0.10 rad here), K is the Scherrer shape factor 
taken to be 0.9, the coherence length D  of the reflection is estimated to be 15 Ǻ. This 
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is a fraction of sample thickness (68 Å ), which suggests some disorder, such as 
“ripples” in the re-stacked graphene monolayers. 
 
Figure 4.16 −2 scan of (G/ F4-TCNQ)9/ G on 300-nm SiO2/ Si, using CuKα radiation. 





We have demonstrated the layer-by-layer assembly of graphene intercalated with 
different p-dopants including F4-TCNQ , TCNQ and NO+SbF6- to give a well-defined 
layered compound that is strongly reminiscent of a stage-I graphite intercalation 
compound (GIC). Here the p-dopant intercalant acts as p-dopant of the graphene 
layers. The GIC can be assembled in a linear fashion, i.e., a constant amount of 
materials is incorporated at each step, which allows the assembly to proceed ad 
infinitum to generate arbitrary GICs. This is particularly exciting as new compounds 
which are not available from direct intercalation reactions can now be made. 
Furthermore, the compound show very high conductivity and is very stable under 












from degrading as well. We also can tune up the WF of graphene by 0.1-0.6 eV. This is 
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Chapter 5 Conclusion and outlook 
 
Chemical vapor deposition can produce monolayer graphene on copper in large 
quantities and with high quality for research. However, there are no reliable methods to 
transfer graphene to arbitrary substrates with good quality, which limits the potential 
application of graphene in a wide variety of technologically interesting devices, 
including organic electronics. The work in this thesis shows the development of a novel 
method to transfer graphene as well as its application. 
It is found that the key to the new graphene transfer method is the ‘self-release layer’, 
which allows graphene transfer from its growth substrate with high fidelity onto 
practically all surfaces, including those having polymer thin films and/ or other fragile 
substrates. This method also has pick-and-place capability. It demonstrates three new 
applications of graphene using this novel transfer method, that is, ultra-thin high 
dielectric-breakdown-strength capacitors, low operation-voltage organic field-effect 
transistors and ‘artificial’ intercalated graphite. This opens up tremendous new 
possibilities in graphene science and technology.   
 
The work done in this thesis is mainly focused on the methodology development for the 
transfer and a few applications with the transferred graphene. There is still plenty of 
room to further modify the technique which can be used to transfer other 2-dimensional 
layered material. For example, by planting the idea of tuning the surface energy of the 
interface between 2D material and carrier layers, it is possible to transfer 2D materials 
to variable surfaces. This insertion of the solvent release layer can achieve the goal 




Applications of using graphene as transparent conductors to replace ITO can also be 
studied since the conductivity of graphene sheets can be enhanced by chemical 
doping with the reserved transparency. Graphene based conductors in the solar cell 
application can be developed to improve the efficiency of the energy conversion as 
well as cut down the cost. The transfer of CVD graphene allows large sheet graphene 
usage in membrane device for gas separation or solvent filtration. 
 
In addition, fundamental properties of this graphene can be studied, for example, 
carrier transport properties can be studied with different techniques including Hall 
Effect measurement, charge modulation spectroscopy. The mechanical strength of this 
material can be also examined to check the defect which is very critical for the further 
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